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ABSTRACT
We present updated metallicity relations for the spectral database of star-forming galaxies (SFGs)
found in the KPNO International Spectroscopic Survey (KISS). New spectral observations of emission-
line galaxies (ELGs) obtained from a variety of telescope facilities provide oxygen abundance informa-
tion. A nearly four-fold increase in the number of KISS objects with robust metallicities relative to our
previous analysis provides for an empirical abundance calibration to compute self-consistent metal-
licity estimates for all SFGs in the sample with adequate spectral data. In addition, a sophisticated
spectral energy distribution (SED) fitting routine has provided robust calculations of stellar mass.
With these new and/or improved galaxy characteristics, we have developed luminosity-metallicity
(L–Z) relations, mass-metallicity (M∗–Z) relations, and the so-called Fundamental Metallicity Rela-
tion (FMR) for over 1,450 galaxies from the KISS sample. This KISS M∗–Z relation is presented for
the first time and demonstrates markedly lower scatter than the KISS L–Z relation. We find that our
relations agree reasonably well with previous publications, modulo modest offsets due to differences
in the SEL metallicity calibrations used. We illustrate an important bias present in previous L–Z
and M∗–Z studies involving direct-method (Te) abundances that may result in systematically lower
slopes in these relations. Our KISS FMR shows consistency with those found in the literature, albeit
with a larger scatter. This is likely a consequence of the KISS sample being biased toward galaxies
with high levels of activity.
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1. INTRODUCTION
The ongoing synthesis of heavy elements and subse-
quent enrichment of the interstellar medium (ISM) by
successive generations of star formation drives the chem-
ical evolution of galaxies populating our universe. Gas-
phase metal abundances of star-forming galaxies (SFGs)
can be derived with good precision via nebular spec-
troscopy. Oxygen abundance is conventionally used as
a proxy for global metallicity, as it is the most prevalent
heavy element produced within massive stars. Further-
more, nebular spectra provide strong emission lines from
both primary ionization states (O+ and O++) in the op-
tical region of the spectrum, allowing for abundance de-
termination without the need for ionization correction
factors (ICFs).
Metallicity has long been known to correlate with the
overall stellar content of a given system, measured by the
integrated luminosity or through an estimate of the to-
tal stellar mass, but is additionally sensitive to galactic
processes such as infall, outflow, and feedback. These
latter factors are an added complication that necessitate
further observational study in order to better constrain
models of chemical evolution. Lequeux et al. (1979) first
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showed the relationship between stellar mass and metal-
licity for a local sample of dwarf galaxies, while the cor-
relation between galaxy luminosity and metallicity was
first demonstrated by Rubin et al. (1984). Tremonti et al.
(2004) expanded these correlations using a large number
(∼53,400) of objects taken from the Sloan Digital Sky
Survey (SDSS; York et al. 2000; Abazajian et al. 2004).
Many studies have focused on refining these relations,
utilizing techniques which include variations in sample
selection, metallicity calibration, and theoretical mod-
els for comparison (e.g., Skillman et al. 1989; Zaritsky
et al. 1994; Kobulnicky & Zaritsky 1999; Melbourne &
Salzer 2002; Lamareille et al. 2004; Salzer et al. 2005a;
Lee et al. 2006; Nagao et al. 2006; Ellison et al. 2008;
Kewley & Ellison 2008; Guseva et al. 2009; Berg et al.
2012; Shi et al. 2014; Zahid et al. 2014; Gonza´lez Delgado
et al. 2014; Maier et al. 2015). In addition, much recent
work has been completed examining the apparent evolu-
tion of such relationships with increasing redshift (e.g.,
Lara-Lo´pez et al. 2009, 2010; Zahid et al. 2011; Mous-
takas et al. 2011; Zahid et al. 2013; Lara-Lo´pez et al.
2013b; Yabe et al. 2014; Wuyts et al. 2014; Izotov et al.
2015; Wuyts et al. 2016). The failure thus far to arrive
at universal consensus regarding the shape and struc-
ture of galaxian metallicity relations both locally and
at high redshift speaks to such studies’ inherent diffi-
culties, necessitating continued examination in order to
more fully understand the astrophysics associated with
chemical evolution in star-forming systems.
The luminosity-metallicity (L–Z) relation compares
gas-phase abundance with the constituent stellar popu-
lation, traced by its measured absolute magnitude. More
luminous galaxies are generally found to be more metal-
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rich. The mass-metallicity (M∗–Z) relation similarly
compares gas-phase abundance with the constituent stel-
lar population, traced instead by estimations of the stel-
lar mass M∗. Stellar mass is a more direct representa-
tion of a given system’s stellar content than luminosity,
but the determination of this parameter is not a direct
observable and is therefore more difficult to ascertain re-
liably. Calculations of M∗ are achieved through spectral
energy distribution (SED) fits to photometric or spectro-
scopic data or through simpler mass-to-light conversions.
Recent achievements in SED fitting techniques provide
results that are quite robust (Walcher et al. 2011). More
massive galaxies are typically found to be more chemi-
cally enriched than less massive systems.
Two primary explanations exist to explain the ob-
served correlation between stellar content and metallic-
ity. The first is that, due to the presence of a deeper grav-
itational potential well, massive galaxies are more capa-
ble of retaining their gas, and therefore their measured
metallicities increase as compared to low-mass galaxies,
which remain comparatively more metal-poor. The sec-
ond explanation is that there is a dependence of the star-
formation efficiency upon the mass of the system such
that massive galaxies are more effective at converting
their gas into stars (and therefore producing new metals
by stellar nucleosynthesis) than low-mass systems which
remain unenriched over longer time scales. Dwarf galax-
ies are thus predicted to have lower measured metallic-
ities than higher-mass systems. Simulations modeling
only this mass-dependent star-formation efficiency, with
no invocation of gas infall or outflow, have successfully
reproduced the M∗–Z relation, implying that this lat-
ter process is the dominant physical motivation (Calura
et al. 2009). The existence of actively star-forming dwarf
galaxies (e.g., blue compact dwarfs) that are very effi-
ciently forming stars yet possess low metal abundances,
however, are a counter-example for this scenario.
Recently, studies have begun exploring the possibility
of including a third parameter to these metallicity re-
lations in an effort to reduce the intrinsic scatter (e.g.,
Lara-Lo´pez et al. 2010; Mannucci et al. 2010, 2011; Yates
et al. 2012; Lara-Lo´pez et al. 2013b; Andrews & Martini
2013; Lara-Lo´pez et al. 2013a; Bothwell et al. 2013; Stott
et al. 2013; Nakajima & Ouchi 2014; Maier et al. 2014;
Salim et al. 2014; Grønnow et al. 2015; De Rossi et al.
2015; Jimmy et al. 2015; Wu et al. 2016; Brown et al.
2016). Ellison et al. (2008) were the first to note that
galaxies of a given mass with a higher star-formation rate
(SFR) are systematically more metal-poor than those
with a lower SFR. Development of a three-dimensional
fundamental plane (FP) relating stellar mass, gas-phase
metallicity, and star-formation rate has been thus far suc-
cessful in reducing scatter in the relationships between
the individual parameters. Furthermore, the M∗–Z–SFR
relation appears to be redshift-independent (Mannucci
et al. 2010).
The functional forms of the L–Z, M∗–Z, and M∗–
Z–SFR relations as determined by the various studies
available in the literature demonstrate variations, at-
tributable to such factors as differences in sample selec-
tion and the method used for deriving the metallicity. A
fit made to, for example, low-metallicity, high-excitation
objects is restricted in its applicability to any but similar
targets. Galaxies of a more moderate degree of enrich-
ment or star-formation activity, then, would potentially
be poorly represented by such a fit. Making use of the
statistical power of large datasets such as SDSS helps to
mitigate such limitations, but can still be biased by the
large-scale effects influencing the overall sample. Univer-
sality is thus a difficult characteristic for any such metal-
licity relation to claim.
A statistically complete sample of SFGs coupled with
self-consistent oxygen abundance and stellar mass deter-
mination methods should provide a superior galaxy cat-
alog for the derivation of representative metallicity rela-
tions of galaxies in the local universe. The KPNO Inter-
national Spectroscopic Survey (KISS; Salzer et al. 2000,
2001, 2002; Gronwall et al. 2004b; Jangren et al. 2005)
has identified over 2500 emission-line galaxies (ELGs)
with absolute magnitudes spanning from MB = -22 to
MB = -12. It includes a range of object types including
massive starburst galaxies, intermediate-mass irregular
galaxies, low-mass dwarf irregulars, and blue compact
dwarfs (BCDs) amongst its constituents. The develop-
ment of metallicity relations utilizing KISS star-forming
systems provides an important comparison to the myriad
studies available in the literature.
The current paper is part of a series of studies based
on the KISS ELG sample that explore the metallicities
of the survey constituents, either in small subsets (e.g.,
Melbourne et al. 2004; Lee et al. 2004; Hirschauer et al.
2015) or as an ensemble (e.g., Melbourne & Salzer 2002;
Salzer et al. 2005b). The primary goal of this work is
to expand on the latter two papers to create updated
metallicity relations for the KISS sample. In particular,
we utilize new spectral data to greatly expand the size of
our sample of KISS SFGs that possess metallicity esti-
mates. Furthermore, we are able to apply newly derived
stellar masses for the first time to create M∗–Z and M∗–
Z–SFR relations for the KISS galaxies. The comparison
of our updated metallicity relations with those from the
literature results in the identification of possible biases
present in previous metallicity relation studies.
In §2 we discuss the KISS sample, our work to expand
the dataset, and the properties of the galaxies selected
from it. Section 3 details the methods used to discern
metallicities for the galaxies of this sample, and includes
an exploration of the re-calibration of the strong emis-
sion line (SEL) empirical method used to create a self-
consistent scale for oxygen abundances. In §4 we present
the metallicity relations developed using our sample and
abundance determination methods. In §5 we compare
these relations with other studies available in the liter-
ature and discuss the implications our findings have on
aspects of chemical evolution and enrichment histories.
Section 6 summarizes out results, and a description of our
stellar mass determination method is presented in the ap-
pendices. Throughout this work, we assume a standard
cosmology of ΩΛ = 0.73, ΩM = 0.27, and H0 = 70 km
s−1 Mpc−1.
2. THE DATA
2.1. The KPNO International Spectroscopic Survey
The KISS project was a wide-field objective-prism
survey undertaken using the Burrell Schmidt 0.61-m
telescope at Kitt Peak National Observatory (KPNO).
It was the first purely digital objective-prism survey
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for emission-line galaxies, identifying objects primarily
through detection of Hα emission. In addition, one sur-
vey strip cataloged galaxies detected via [O III]λ5007
emission. The goal of the KISS project was to observe
a large area of the sky for extragalactic emission-line
sources, reaching a minimum of 2 magnitudes deeper
than any previous photographic line-selected Schmidt
survey. KISS attempts to address scientific questions
which require large samples with well-defined selection
criteria and completeness limits. In total, KISS cata-
logued over 2500 emission-line sources in four survey lists
(Salzer et al. 2000, 2001, 2002; Gronwall et al. 2004b;
Jangren et al. 2005).
KISS constitutes a statistically complete, emission-line
flux-limited sample of star-forming galaxies and active
galactic nuclei (AGN). The completeness characteristics
of the survey are described in the individual survey pa-
pers. The primary ELG sample is limited in redshift to
z = 0–0.095, and has a limiting line flux of ∼1.0 × 10−15
erg s−1 cm−2. This redshift range was achieved using
a filter restricting detection of Hα emission to between
6400 and 7200 A˚ for the Hα-selected portion of the sur-
vey. The single [O III]-selected list (Salzer et al. 2002)
similarly utilized a filter restricting the wavelength cov-
erage of emission to between 4800 and 5500 A˚. There is
significant overlap of the [O III]-selected KISS catalog in
terms of sky coverage and object detection with the first
Hα survey list (Salzer et al. 2001). Only 91 objects were
detected using the [O III] line alone, and most of these
are found in regions where the two surveys did not over-
lap. As a line flux-limited survey, KISS is able to sam-
ple a representative population of star-forming galaxies
and AGN in the local universe. Dependance upon detec-
tion of Hα emission for cataloging objects rather than,
for example, solely upon [O III]λ5007 emission (e.g., for
studies isolating objects with high-excitation spectra at
low redshifts), allows KISS to remain largely unbiased
to metallicity effects inherent to the reliance upon emis-
sion from metal lines. KISS therefore remains sensitive
to galaxies of all metallicities, even those of the highest
and lowest abundances, when [O III] becomes weaker.
While the original objective-prism spectra of the galax-
ies detected by KISS were adequate to determine the
presence of emission-lines and an estimate of the red-
shift, followup observations were necessary to confirm
the specific source of spectral activity (i.e., star-forming
galaxies versus AGN). A campaign of “quick-look” spec-
troscopy has been undertaken by members of the KISS
group on a variety of observational facilities, including
the 9.2-m Hobby-Eberly Telescope (HET; Gronwall et al.
2004a), the Lick 3-m telescope (Melbourne et al. 2004),
the MDM 2.4-m telescope (Wegner et al. 2003; Jangren
et al. 2005), the WIYN 3.5-m telescope (Salzer et al.
2005b), the ARC 3.5-m telescope, the KPNO 2.1-m tele-
scope, the KPNO 4-m telescope, and the Keck I 10-m
telescope (Hirschauer et al. 2015). The multitude of
spectra span a wide range in signal-to-noise (S/N) ra-
tios and wavelength coverage regimes. The full optical
spectrum, ranging from blueward of [O II]λλ3726,3729
and redward of [S II]λλ6716,6731, is not observed for
all KISS objects due to the limited wavelength coverage
of some of the spectrographs used. All available KISS
spectra include at a minimum the emission lines of Hα,
Hβ, [O III]λλ4959,5007, and [N II]λλ6548,6583, which
are generally required for the derivation of SEL empiri-
cal abundance estimations.
2.2. Updating the KISS Database
At the time of the most recent presentation of the KISS
sample for calibration of an SEL abundance method and
formulation of an L–Z relation (Salzer et al. 2005a),
1,351 KISS galaxies had follow-up spectral data. Sub-
sequent updates by the KISS group have increased that
number to 2,464. These new spectra have been obtained
from observations using the 9.2-m HET, 2.4-m MDM,
2.1-m KPNO, and 3-m Lick telescopes. As of this writ-
ing, 100% of the KISS galaxies in the Hα-selected survey
lists 1 and 2 (Salzer et al. 2001; Gronwall et al. 2004b),
the [O III]-selected list (Salzer et al. 2002), and the Spring
region of the third Hα-selected list (Jangren et al. 2005)
have follow-up spectra. A subsequent data paper will
present these more recent observations (Salzer et al., in
preparation).
The majority of the new observations were undertaken
using HET. The spectrograph setup utilized covered the
wavelength range ∼4350–7250 A˚. This precluded the ob-
servation of the [O II]λλ3726,3729 doublet and, in most
cases, the auroral [O III]λ4363 line. Due to this, the
HET spectra could not be used to derive “direct-method”
metallicities or to utilize any of the R23-based abundance
methods (e.g., McGaugh 1991). Observations using the
MDM and Lick telescopes, however, utilized spectro-
graphs with sufficient short-wavelength sensitivity to in-
clude measurement of the strong [O II] emission line dou-
blet. In addition, some followup observations recovered
[O III]λ4363, allowing for computation of the electron
gas temperature (Te) and thus determination of direct-
method abundances (e.g., Hirschauer et al. 2015).
To complement the observations undertaken by mem-
bers of the KISS group described above, we have addi-
tionally matched KISS galaxies to SDSS targets in an
effort to further supplement the database (see Strauss
et al. 2002 for a description of SDSS data products).
This is illustrated using a standard spectral activity di-
agnostic diagram (e.g., Baldwin et al. 1981), showing the
location of KISS galaxies (green circles) overlaid with
targets matched to SDSS (black crosses) in Figure 1. In
total, 1,121 KISS galaxies were observed spectroscopi-
cally by SDSS, constituting ∼44% of the total sample.
Because the median mB of 18.1 (e.g., Salzer et al. 2001;
Gronwall et al. 2004b) for the KISS sample is compara-
ble to the spectroscopic limit for SDSS, the overlap is far
less than 100%. For any KISS galaxy lacking followup
spectroscopy, we have adopted SDSS spectral data when
available. A comparison of line flux ratios for galaxies
observed by both surveys indicates that the two datasets
generally exhibit good agreement, allowing for the adop-
tion of SDSS data when necessary. The addition of the
SDSS spectroscopy has yielded usable emission-line data
for an additional 319 galaxies that had otherwise not yet
been observed by members of the KISS group. We note
that as the SDSS spectral coverage range is blue-sensitive
enough to include [O II]λ3727 for galaxies with redshifts
above z ∼ 0.03, these supplemental data have been used
to compute R23-based metallicities for applicable KISS
objects.
For cases in which a matched KISS galaxy possessed
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Figure 1. Spectral activity diagnostic diagram of star-forming
galaxies from KISS (green circles) overlaid with targets matched
to SDSS (black crosses). Matched objects’ spectral information
was compared to existing KISS values and used to supplement the
database in the case of missing or spurious data. A large number
of matched galaxies reside in the lower-right side of this diagram,
consistent with relatively high-abundance sources. In many cases,
emission line data for [O II]λ3727 was added, critical for deriv-
ing accurate oxygen abundances. The solid blue line represents a
star-formation sequence from theoretical models (Dopita & Evans
1986), while the dashed red line is an empirically-determined de-
marcation between SFGs and AGN (Kauffmann et al. 2003).
existing spectral data but lacked a measurement of [O II],
we adopted the SDSS emission line flux information for
this doublet. This procedure required confirmation that
these two distinct datasets were measuring similar emis-
sion regions. While the KISS observing strategy at-
tempts to place the spectrograph slit over the region of
the galaxy with strongest emission as detected in the
objective-prism spectrum, the automated SDSS system
generally selects the brightest location in the broad-band
image (see Strauss et al. 2002 for details). Observations
of discrepant physical regions may become manifest as in-
consistencies in the measured emission line ratios of the
nebular gas. Furthermore, the slit-widths of the KISS
long-slit spectroscopy are generally 1.0-1.5 arcseconds,
while SDSS fibers used on KISS galaxies are 3.0 arcsec-
onds in diameter. These differences in aperture neces-
sitate that, even when the target object is the same for
both, the observed regions of the KISS and SDSS spectra
are not identical. In order to identify mismatches in the
two datasets’ spectra, we have compared the galaxies’
Hβ equivalent widths (EW) and [O III]/Hβ flux ratios,
rejecting the SDSS [O II] value for deviations of either
by more than 40% from equality. This 40% departure
limit corresponds roughly to a 2σ rejection limit. In to-
tal, 239 KISS objects lacking previous [O II] observations
had their spectral data augmented with the addition of
[O II] from SDSS, representing ∼10% of the total number
of galaxies within the KISS sample.
In total, an additional 1,113 new KISS galaxy spec-
tra were added to the database since the Salzer et al.
(2005a) analysis, thanks to the additional observations
undertaken subsequent to the previous KISS metallicity
relations study and cross-matching objects with SDSS.
Many of these new spectra include [O II]λ3727 emission
that is crucial for SEL estimations of oxygen abundance,
and some include the temperature-sensitive [O III]λ4363
line necessary for robust direct-method metallicity de-
terminations. This allows for a substantial increase in
the number of calibration points used for the develop-
ment of an SEL empirical abundance method applicable
to all of the galaxies in the sample. While the previous
study of Salzer et al. (2005a) included 185 galaxy spec-
tra with both the strong [O III] and [O II] lines necessary
for the development of R23-method metallicities used for
SEL method calibration, this study includes 739 galaxies’
spectra used for such a calibration, representing a nearly
four-fold increase. In particular, we possess a substantial
increase in R23-based abundances for higher-metallicity
systems.
2.3. KISS Stellar Mass Determination
Determination of the total stellar mass for galaxies in
the KISS database was accomplished using fits of spec-
tral energy distributions (SEDs) to photometric data ob-
tained from a variety of sources. These masses are uti-
lized for the derivation of M∗–Z and M∗–Z–SFR FP
relationships. The use of multi-wavelength SED-fitting
techniques was deemed essential for the KISS galax-
ies, since simpler methods involving mass-to-light ratio
conversions (e.g., Bell & de Jong 2001) are subject to
large uncertainties when applied to galaxies dominated
by starbursts.
2.3.1. Photometric Data
The input photometric data to construct SEDs for
the KISS objects come from a variety of archival
data sources, including: Optical fluxes from the KISS
database (Salzer et al. 2000, 2001), SDSS Data Release
12 (DR12; Alam et al. 2015), and the NASA Sloan Atlas
(e.g., Blanton et al. 2011); ultraviolet (UV) fluxes from
the Galaxy Evolution Explorer (GALEX ; Martin et al.
2005; Morrissey et al. 2007); near-infrared (NIR) fluxes
from the Two Micron All Sky Survey (2MASS; Skrut-
skie et al. 2006); and mid-infrared (MIR) fluxes from the
Widefield Infrared Survey Explorer (WISE ; Wright et al.
2010).
Appendix A includes a detailed description of the pho-
tometric data, including the verifications and quality
tests we used to determine which photometric measure-
ments to include in our SED fits.
2.3.2. SED-fitting Grids
SEDs for each KISS galaxy were fit using the Code
Investigating Galaxy Emission (CIGALE) software (Noll
et al. 2009). CIGALE creates a grid of synthetic SEDs
based on theoretical models and determines the best pa-
rameter values by comparing with our observed SEDs.
Our multi-wavelength data (from UV to IR) allows
CIGALE to account for dust absorption and re-emission
in a self-consistent manner. Nebular emission and ab-
sorption is included from the templates of Inoue (2011)
which are based on the amount of ionizing UV flux (see
also Section 5.5 of Salim et al. 2016). Dust attenuation
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is based on the method of Cardelli et al. (1989), with
the formulas from Calzetti et al. (2000) and Leitherer et
al. (2002). Our fitting process follows the methodology
developed in Janowiecki et al. (2017a), and is described
in more detail in Appendix B.
We have derived reliable stellar masses using this SED
fitting process for 2,207 KISS galaxies. For most objects
(N = 1,946), SED fits were computed utilizing some com-
bination of UV, optical and IR data, and for all but 67
systems we have at least optical and infrared data. The
near-infrared flux is particularly important for determin-
ing the stellar mass as it acts as a tracer for the older
stellar population of a given system. Ideally, an SED
fit is populated with photometric data from all wave-
bands. In some circumstances, however, these data are
not available. Disparities in coverage area and/or depth,
for example, may preclude the inclusion of a given KISS
galaxy into one or more photometric surveys. We fully
describe these inhomogeneities in Appendix B.
3. KISS GALAXY METALLICITIES
Global metallicities are ascertained through a variety
of means. As described in the previous section, the op-
tical spectra for KISS galaxies have been obtained using
a diverse assortment of telescopes and instruments with
a broad variety of wavelength ranges, resolutions, and
dispersions. We describe here how this diverse spectral
dataset is used to derive self-consistent oxygen abun-
dances for all star-forming galaxies in the survey with
spectra of sufficient quality. Direct-method abundances
were calculated whenever possible, but only a small frac-
tion of KISS galaxies possess suitable data, so strong-line
empirical relations must be employed for the remain-
ing sources. Well-defined SEL techniques such as the
McGaugh (1991) abundance grid method provide a ro-
bust metallicity estimate for many KISS galaxies that
lack Te-method abundances. The combination of direct-
and McGaugh-method abundances provide the calibra-
tion points required for development of a single empiri-
cal relation that is applicable to all objects in the KISS
database, many of which lack metallicities from other
methods. These abundance determination techniques are
described in greater detail in the following subsections.
For the analysis carried out in the remainder of this
paper, we utilize only those KISS ELGs whose spectral
data are classified as having quality code 1 or 2 (see the
various spectral data papers listed above) and are classi-
fied as SFGs. This ensures that the emission-line ratios
used for this analysis are reliable (i.e., have uncertainties
of ∼0.1 dex or better). Overall, this results in a total of
1,468 star-forming KISS ELGs.
3.1. Direct-Method Metallicities
Direct-method abundances are the preferred metallic-
ity determination method available for star-forming sys-
tems, requiring measurement of the electron density ne
and the electron temperature Te. For our KISS galaxy
spectra, ne is calculated from the [S II]λ6716/λ6731 ra-
tio, and is typically found to be ∼100 e− cm−3. Te is
determined by the line ratio of doubly-ionized oxygen
[O III]λ4363/[O III]λλ4959,5007 (Osterbrock & Ferland
2006). The temperature of singly-ionized oxygen is esti-
mated by using the algorithm presented in Skillman et al.
(1994) based on the nebular models of Stasin´ska (1990),
te(O
+) = 2[te(O
++)−1 + 0.8]−1,
where te are temperatures measured in units of 10
4 K.
The total oxygen abundance is assumed to be given by
O
H
=
O+
H+
+
O++
H+
,
following the standard practice. For a more thorough
explanation of our treatment of H II region diagnostics,
see §2.5 of Hirschauer et al. (2015).
For star-forming galaxy spectra with sufficient sensitiv-
ity and resolution, the detection and measurement of all
aforementioned emission lines required for direct-method
metallicity analysis is possible. Systems with strong
emission lines are generally those possessing higher Te,
and are therefore often those of lower oxygen abundance.
In total, 71 KISS ELGs possess [O III]λ4363 detection.
The Salzer et al. (2005a) study included only 22 objects
with direct-method abundances, adopted from the pre-
vious KISS metallicity papers of Melbourne et al. (2004)
and Lee et al. (2004). An additional 49 KISS galaxies
with Te-method abundances were computed using spec-
tra taken primarily at the Lick and MDM Observatories
by members of the KISS team. This represents a roughly
three-fold increase in the total number of robust oxygen
abundances included within the KISS database. Calcu-
lations of physical parameters (e.g., Te) of the ionized gas
as well as the oxygen abundance were performed using
the Emission Line Spectrum Analyzer (ELSA) program
(Johnson et al. 2006) as described in detail in Hirschauer
et al. (2015).
3.2. McGaugh Grid Metallicities
For cases where Te-method abundances are not ob-
tainable, metallicities are estimated through techniques
employing bright lines. These are either empirical rela-
tions that are calibrated to direct-method abundances,
theoretical relations that are based on photoionization
models, or semi-empirical relations that are a mixture
of the two (e.g., Moustakas et al. 2010). Bright lines
used for such SEL methods are consistently measur-
able in most spectra, making these techniques useful
for a much larger fraction of objects than the direct
method, however they necessarily possess greater in-
trinsic scatter. The most common SEL method is R23
≡ log(([O II]λλ3726,3729+[O III]λλ4959,5007)/Hβ), first
introduced by Pagel et al. (1979). R23 provides an es-
timate of total cooling and thus represents a proxy for
global oxygen abundance (Kewley & Dopita 2002), but is
famously double-valued at high- and low-abundance and
includes an ambiguous turnaround region. Many R23
calibrations are available in the literature (Edmunds &
Pagel 1984; McCall et al. 1985; Skillman et al. 1989; Mc-
Gaugh 1991; Zaritsky et al. 1994; Pilyugin 2000, 2001;
Kewley & Dopita 2002; Denicolo´ et al. 2002; Pettini
& Pagel 2004; Kobulnicky & Kewley 2004; Pilyugin &
Thuan 2005).
The McGaugh (1991) model grid is an improvement
on R23, derived using photoionization model calcula-
tions from CLOUDY (Ferland & Truran 1981) and em-
ploying the abundance-sensitive R23 line ratio along-
side the excitation-sensitive O32 line ratio, defined as
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Figure 2. McGaugh abundance grid (McGaugh 1991) for galax-
ies in the KISS sample. In total, metallicities were computed
using the McGaugh-method for 756 objects. Galaxies on the
upper-metallicity branch (foreground) are indicated with open
green circles, while galaxies on the lower-metallicity branch (back-
ground) are indicated with open blue circles. Demarcation between
branches is determined using the abundance-sensitive [N II]/[O II]
line ratio (van Zee et al. 1998).
log([O III]λλ4959,5007/[O II]λ3727). It incorporates an
upper- and lower-metallicity branch along the axis de-
fined by the R23 line ratio. Typical abundance uncer-
tainties of the McGaugh model grid method are σ ≈
0.05 for the low-metallicity branch and σ ≈ 0.10 for the
high-metallicity branch, dominated by the uncertainties
in the model stellar radiation fields (McGaugh 1991).
Abundances were computed by means of the McGaugh
model grid for every KISS galaxy possessing the requisite
emission line data in order to provide reliable metallic-
ity information when Te-method calculations were not
possible. Following van Zee et al. (1998), we employ
the [N II]/[O II] line ratio to differentiate between ob-
jects on the upper and lower R23 branch. In total,
McGaugh-method metallicities were computed for 756
KISS galaxies, as illustrated in Figure 2, comprising 38%
of the total number of SFGs in the database. The ma-
jority of these abundances were calculated for galaxies
on the upper-metallicity branch (foreground; open green
circles). Lower-metallicity branch galaxies (background;
open blue circles) exhibit noticeably higher excitations.
We note that some recent studies have discovered a
modest systematic offset between direct- and McGaugh-
method metallicities, typically in the range of 0.10-0.25
dex (e.g., Hirschauer et al. 2015; Bresolin et al. 2009; see
also discussion in Kewley & Ellison 2008). Of the 71
KISS star-forming galaxies with calculated Te-method
abundances, 58 also have metallicities computed using
the McGaugh grid (the remaining 13 objects have line-
ratios which fell off of the McGaugh abundance grid, and
so McGaugh-method metallicities were not computed;
these objects are located in the so-called turnaround re-
gion). For these systems, the mean offset in abundance
is ∆(log(O/H)) = 0.11 dex in the sense that the direct
abundances are lower. Many (23) of these galaxies re-
side in the ambiguous turnaround region of the McGaugh
abundance grid, and so for the remaining 35 systems this
mean abundance offset is reduced to ∆(log(O/H)) = 0.09
dex. Several possible explanations exist for this abun-
dance offset, including, for example, small-scale electron
temperature fluctuations (e.g., Peimbert 1967; Peimbert
& Costero 1969; Peimbert 2003; Peimbert et al. 2007),
thermal gradients (Garnett 1992), overestimation of O+
zone temperatures compared to O++ zone temperatures
(Andrews & Martini 2013), and discrepancies in models
of electron energy distributions (the “κ-distribution”; see
Nicholls et al. 2012, 2013; Dopita et al. 2013). For a more
complete discussion, we refer to §2.6.1 of Hirschauer et al.
(2015). The cause of the discrepancy between empirically
derived direct abundances and abundances derived from
photoionization models remains unclear. For objects in
the current study the average metallicity difference is
comparable to the formal uncertainties associated with
the McGaugh method. We consider the impact of the
modest offset between our direct and McGaugh method
abundances on the derivation of our SEL metallicity re-
lation in the next section.
3.3. O3N2-Method Calibration
Because the [O II]λ3726,3729 doublet was not ob-
served for many KISS galaxies due to limitations
of the spectrographs used, a large number of KISS
star-forming galaxies lacked the required information
needed to compute metallicities via the McGaugh model
grid described in §3.2. Some other method, then, was
necessary to derive metallicities for all KISS objects
with suitable-quality spectra.
The Coarse abundance method pioneered by
Melbourne & Salzer (2002) uses the line ratios
[N II]λ6583/Hα and [O III]λ5007/Hβ since they
are observed in essentially all KISS ELG spectra,
typically have good S/N ratios, and are both fairly
insensitive to reddening corrections. A standard spectral
activity diagnostic diagram (Baldwin et al. 1981; see
Figure 1) utilizes the logarithms of these same line
ratios as the horizontal and vertical axes, respectively.
In such a plot, metallicity varies continuously over the
distribution of galaxies, with low-metallicity systems in
the upper-left and high-metallicity galaxies in the lower-
right. At the low-metallicity end, the [O III]λ5007/Hβ
line ratio remains almost constant for a large range
of log([N II]λ6583/Hα) values. Similarly, on the high-
metallicity end, the [N II]λ6583/Hα line ratio stays
nearly constant for a large range of log([O III]λ5007/Hβ)
values. The correlation between these two line ratios
and oxygen abundance (or a combination of the the two
in the intermediate regime) can therefore be used as an
estimate for metallicity when calibrated to sources of
known abundance.
Calibrations of the Coarse abundance method were
previously developed by Melbourne & Salzer (2002)
and later refined by Salzer et al. (2005a), utilizing
the Te- and McGaugh-method metallicities that were
available for a small number of KISS galaxies at that
time. These calibrations were used to estimate the
metallicities for the rest of the objects in the KISS
sample to an uncertainty of σ ≈ 0.20 dex. While not
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exceedingly accurate, particularly in comparison to
direct-method abundances, the Coarse method provides
a useful means to study the relative distribution of
oxygen abundances for galaxies in a given sample from
a statistical perspective.
One challenge that had presented itself with the previ-
ous Coarse abundance method, however, is the inevitable
discontinuity that arises in the transition zone between
the log([N II]λ6583/Hα)- and log([O III]λ5007/Hβ)-
sensitive regimes on the standard spectral activity
diagnostic diagram. In this region an average of the
metallicities computed by the two relations is assumed.
While consistent within the errors of the method,
discontinuities in the abundances computed in such a
manner leaves artifacts in metallicity relations. For
example, there could be regions of parameter space
whereby no combinations of measured emission-line
ratios could produce an oxygen abundance estimate of
certain values. Clearly, this problem is undesirable, and
as such led us to seek an alternative SEL technique.
The O3N2 ≡ log{[O III]λ5007/Hβ)/([N II]λ6583/Hα)}
parameter, first introduced by Alloin et al. (1979),
uses the same emission lines as the Coarse method
but has the additional advantage of being fit by a
single continuous function. The functional form of this
abundance estimator avoids the discontinuity present
with the Coarse method, but maintains its overall utility.
Previous calibrations of the O3N2-method include the
studies of Pettini & Pagel (2004), Nagao et al. (2006),
Pe´rez-Montero & Contini (2009), and Marino et al.
(2013). These versions of O3N2 are typically evaluated
against a set of ELGs and extra-galactic H II regions,
and are generally weighted toward the lower metallic-
ity direct-method abundance objects available in the
literature (which are definitively biased toward bright,
higher-temperature, lower-metallicity objects) from
which calibrations may be made. Higher-metallicity
systems are comparatively less well-represented by
these O3N2 fits and as such the use of the available
calibrations is not applicable in the high-abundance
regime.
For this study, we have utilized our large sample
of KISS galaxies that possess Te- or McGaugh-method
abundances to calibrate the O3N2 relation using data
that spans both high and low abundances. The O3N2
index was computed for our spectral data and compared
to these metallicities as demonstrated in Figure 3.
McGaugh-grid metallicities are represented as blue dots,
while Te-method abundances are shown as red dots. To
find the functional form of this relation, we computed
polynomial bisector functions to fit the data by varying
the dependent and independent variables, then fitting
a function to the average points. We have found that
a cubic polynomial minimizes the RMS scatter in the
vertical (abundance) axis, resulting in a fit of the form:
12 + log(O/H) = 8.987(±0.001)− 0.297(±0.001)×O3N2
− 0.0592(±0.0009)×O3N22−0.0090(±0.0004)×O3N23,
with RMS uncertainty of σ = 0.111. A comparison of
Coarse- and O3N2-method metallicities for KISS SFGs
demonstrates very little scatter. We interpret this result
as an indication of the interchangeability of the respec-
tive methods for this data set. By being fit as a single
Figure 3. Cubic bisector fit of the O3N2 metallicity index for
KISS SFGs, defined as log{[O III]λ5007/Hβ)/([N II]λ6583/Hα)},
versus oxygen abundance 12+log(O/H). Blue points are galax-
ies with metallicities derived by means of the McGaugh abun-
dance grid, while red points are derived via the direct-method.
The O3N2 method has the advantage of utilizing the same set of
readily-available strong emission line ratios as the coarse abun-
dance method, but without the inconsistencies that arise as a con-
sequence of the differing regions of applicability in the BPT dia-
gram.
continuous function, however, the O3N2-method has the
advantage over the piecewise fit (including an intermedi-
ate zone utilizing an average value) of the Coarse method.
We therefore adopt the O3N2-method for the remainder
of this paper for computing Coarse abundances for the
KISS sample.
We note that there exists a general tendency to-
ward lower oxygen abundances computed using direct-
methods in comparison to SEL-methods (§3.2; see also
Hirschauer et al. 2015). The utility in adopting metal-
licities from both techniques in the calibration of a new
empirical relation despite this offset may therefore seem
questionable. The robustness of Te-method abundances
makes them difficult to reject from our calibrations.
Alternatively, the limitations of deriving direct-method
abundances for high-metallicity objects necessitates the
use of alternative techniques to estimate their metal-
licities. An application of both apparently discrepant
methods is therefore borne out of necessity in order to
account for galaxies of all metallicities. With this ne-
cessity in mind and a conscious understanding of the
fairly small offset between the Te-method and the Mc-
Gaugh abundance grid (∼0.1 dex), we utilize both in
our O3N2-method calibration. In addition, because the
cause of this abundance offset is not entirely clear, we re-
frain from applying a correcting offset (i.e., lowering SEL-
derived metallicities to match direct-method metallicities
or vice-versa) so as to not introduce systematic biases.
As a test, we developed a cubic polynomial fit replacing
the Te abundances with McGaugh-method abundances.
This produced a function consistent with that shown in
Figure 3. Differences in the two fits are minimal over the
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majority of the range covered by our galaxies, only ap-
proaching ∼0.1 dex at the extreme low-abundance end.
4. METALLICITY RELATIONS
The overall goal for this project was the development of
a self-consistent abundance determination method that
could be applied to the entirety of the KISS galaxy sam-
ple in order to produce new metallicity relations for lo-
cal star-forming systems. We believe that our calibration
of the SEL O3N2-method metallicity indicator provides
much improved determinations of the oxygen abundances
for the KISS star-forming galaxies than what had been
presented in the previous papers in the series. The inclu-
sion of significant numbers of McGaugh-method abun-
dances for higher-metallicity targets has substantially
increased the breadth of objects available for O3N2-
method calibration compared to previous assessments.
In this section we utilize our O3N2-method calibration to
derive updated metallicity relations for the KISS sample
of ELGs. Discussion of the resulting relations is deferred
to §5.
4.1. Luminosity-Metallicity (L–Z)
Luminous galaxies have consistently been found to be
more metal-rich than low-luminosity galaxies. The L–Z
relationship has been shown to hold over∼11 magnitudes
in luminosity and ∼2 dex in metallicity, and does not
appear to show dependence upon environment (Vilchez
1995; Wu et al. 2017) or morphology (Mateo 1998), an
indication that the processes regulating L–Z are common
to all galaxies. Previous studies of L–Z have found that
the slope of the relation is shallower for dwarf galaxies,
however, implying that the linearity of the relationship
is questionable over the full range of luminosity (e.g.,
Melbourne & Salzer 2002; Tremonti et al. 2004; Salzer
et al. 2005a). Differences in the methods by which abun-
dances are determined for high- and low-mass galaxies
introduces difficulty in assessing the true shape of these
relations.
Development of a consistent method for deriving
metallicities for all galaxies was important for estab-
lishing metallicity relations that effectively span the full
range of systems in the universe. We have combined
metallicity estimates using the O3N2 technique with ab-
solute B-band magnitudes derived using KISS photome-
try (e.g., Salzer et al. 2000) to investigate the form of the
L–Z relation. Apparent magnitudes collected from the
imaging portion of the survey data have been corrected
for Galactic reddening, and distances used to compute
absolute magnitudes were derived from redshifts deter-
mined from the follow-up spectroscopy of each galaxy.
We note that 19 KISS galaxies with smaller redshift dis-
tances (< 36.0 Mpc) have been excluded from our L–Z
sample because of the large uncertainties implicit in us-
ing redshifts to determine distances for nearby objects
where the peculiar velocities (i.e., non-Hubble flow ve-
locity component) lead to large uncertainties in their lu-
minosities and masses.
Figure 4 is an L–Z relation plot of KISS SFGs, with
metallicities computed using the O3N2 method. Deriva-
tion of the functional fit to the data was accomplished by
finding the bivariate linear least-squares bisector of two
separate linear fits. Our fit of the KISS L–Z relation
Figure 4. Linear (black line) and quadratic (red line) bisector
luminosity-metallicity (L–Z) relation fits to the KISS sample of
star-forming galaxies. Oxygen abundances for this sample are de-
rived via the O3N2 abundance method, while luminosity is deter-
mined from KISS photometry. The linear and quadratic fits are
consistent with each other within the formal uncertainties over the
range of MB where the majority of galaxy data lie.
takes the following form:
12 + log(O/H) = 2.664(±0.170)− 0.320(±0.009)×MB ,
where MB is the B-band absolute magnitude. In total,
1,468 KISS SFGs are included in this plot. The RMS
scatter of the data about this fit is derived in the vertical
(abundance) axis. We find a scatter of σ = 0.280.
The data were additionally fit with a quadratic bisector
in effort to investigate the possible flattening of the L–Z
distribution at high abundances as has been seen in some
previous studies (e.g., Tremonti et al. 2004). Our L–Z
relation does not show any strong flattening at high lumi-
nosity. For completeness, we illustrate our quadratic fit
to the data alongside our linear fit in Figure 4.5 We find
a marginally worse RMS scatter in the vertical (abun-
dance) axis of σ = 0.282, an indication that our data
does not support the necessity of higher-order fitting.
Many metallicity relation studies employing large
datasets utilize binned galaxy data in effort to reduce
systematic uncertainties. For the sake of comparison,
we developed a linear bisector L–Z relation for binned
KISS galaxy data, finding no appreciable difference in
the resulting fit. Consequently, we have opted to pro-
ceed using the L–Z fit developed for unbinned KISS
data. Furthermore, in addition to the linear L–Z rela-
tion fit shown in Figure 4, which uses only O3N2-method
abundances, we have produced a linear L–Z relation us-
ing “best available” metallicities. This alternative rela-
tion fit hierarchically selected KISS galaxy abundances,
using first those calculated using the Te-method when
5 Quadratic bisector fit polynomial coefficients take the form A
= -4.447 ± 0.781, B = -1.084 ± 0.089, and C = -0.020 ± 0.002,
where 12+log(O/H) = A + Bx + Cx2 and x = MB .
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Figure 5. Linear (black line) and cubic (blue line) mass-
metallicity (M∗–Z) relation fits to the KISS sample of star-forming
galaxies. Oxygen abundances for this sample are derived via the
O3N2 abundance method, while stellar masses are determined from
SED fits to a variety of photometric data sets. The linear and cu-
bic fits are roughly coincident over the range of log M∗ where the
majority of galaxy data lie.
present (42 galaxies), then subsequently abundances de-
rived from the McGaugh model grid (680 galaxies), and
finally O3N2-method abundances for the remainder (746
galaxies). We found no appreciable improvement using
this “best available” fit, and therefore choose to main-
tain the O3N2-only L–Z relation. This result, however,
supports the reliability of our O3N2-method calibration
as a means to estimate metallicities.
4.2. Mass-Metallicity (M∗–Z)
With the inclusion of new SED-fit masses for most
galaxies in the KISS database (see §2.3 and the appen-
dices), the development of an M∗–Z relation using the
self-consistent O3N2 metallicities for this sample of star-
forming systems became possible for the first time (Fig-
ure 5). Using a method similar to that described in §4.1
concerning the L–Z relation, we found a functional form
for this linear bisector fit of:
12+log(O/H) = 3.838(±0.102)+0.499(±0.007)×(logM∗),
where M∗ is the stellar mass of the system in units of so-
lar mass. In total, 1,450 KISS SFGs are included in this
plot. There are 18 fewer galaxies in the M∗–Z plot com-
pared with the L–Z plot because in these few cases, the
stellar mass estimates were deemed unreliable and were
therefore rejected. The RMS scatter for this relation is
σ = 0.182. A tighter fit as compared to the L–Z relation
(Figure 4) is a strong indication of the reliability of the
SED fitting methods employed by this study. Scatter in
luminosity due to the effect of both starbursts and varied
levels of internal absorption appears to be largely miti-
gated by the SED fitting method.
Higher-order polynomials were developed in order
to address abundance flattening for our KISS M∗–Z dis-
tribution. The data seen in Figure 5, however, appears
to flatten both at high and low metallicities. A cubic
bisector function was therefore developed to fit the data,
possessing a noticeably reduced RMS scatter in the ver-
tical (abundance) axis of σ = 0.169.6 While many pre-
vious M∗–Z studies mandate a non-linear function to
account for oxygen abundance flattening at high stellar
masses, none address an equivalent flattening at low stel-
lar masses. A discussion of flattening at both ends of the
mass distribution is presented in §5.2.
We have additionally developed a linear bisector M∗–
Z relation utilizing binned KISS galaxy data in a man-
ner similar to that described in §4.1 for comparison with
studies found in the literature. Again, we have found no
appreciable difference and have opted to proceed using
the linear M∗–Z relation developed for unbinned KISS
data. Finally, we have made a “best available” KISS
M∗–Z relation employing an identical algorithm for se-
lecting the appropriate abundance for each galaxy as that
described in §4.1. Once again, we find no appreciable im-
provement over the O3N2-only M∗–Z relation.
4.3. Fundamental Metallicity Relation (FMR)
In addition to the M∗–Z relationship concerning stel-
lar mass and gas-phase metallicity of SFGs, the so-called
“star formation main sequence” compares M∗ with SFR.
This relation is approximately linear, persists at both
low- (Brinchmann et al. 2004; Salim et al. 2007) and
high-redshift (Daddi et al. 2007), and is observed with SF
indicators in optical (Tasca et al. 2014), infrared (Elbaz
et al. 2011), and radio (Karim et al. 2011) data. LikeM∗–
Z, the M∗–SFR relation exhibits relatively small scatter
(σ ' 0.2 dex; Speagle et al. 2014) and the SFR at a
given value of M∗ appears to increase with redshift from
z = 0 to z = 2, when the global star formation rate den-
sity peaks. Recent efforts have shown that the M∗–Z
and M∗–SFR relations can be seen as two-dimensional
projections of a more fundamental, three-dimensional
FP relating stellar mass, gas-phase metallicity, and star-
formation rate. A recognition of the dependence of M∗
and Z with SFR by the study of Ellison et al. (2008)
represented the first step in exploring this phenomenon:
For galaxies of a given stellar mass, those with higher
rates of star-formation were found to be under-enriched
as compared to systems with lower star-formation rates.
A three-parameter fit to these quantities has been shown
to yield an FP with smaller scatter than the M∗–Z rela-
tion, an indication that the latter exists as a projection
of a more fundamental relationship.
Lara-Lo´pez et al. (2010) related M∗, Z, and SFR us-
ing data from SDSS-DR7, finding that the M∗–Z and
M∗–SFR relations are distinct circumstances of a more
general relationship. Simultaneously, the study of Man-
nucci et al. (2010) produced a similar three-dimensional
relationship between these same parameters, generating
a surface that they referred to as the Fundamental Metal-
licity Relation (FMR). In this formulation, metallicity Z
is compared with a term µ represented by a combination
of M∗ and SFR, where µ ≡ log(M∗) – α log(SFR).
6 Cubic bisector fit polynomial coefficients take the form A =
32.307 ± 0.058, B = -8.940 ± 0.020, C = 1.042 ± 0.002, and D =
-0.038 ± 0.00008, where 12+log(O/H) = A + Bx + Cx2 + Dx3
and x = log M∗.
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Figure 6. Plots demonstrating the relationships between stellar
mass and metallicity (M∗–Z; bottom-left), stellar mass and star
formation rate (M∗–SFR; upper-left), and metallicity and star for-
mation rate (Z–SFR; upper-right) for star-forming galaxies in the
KISS database. The individual correlations that exist between each
of these three parameters implies the manifestation of a fundamen-
tal plane (FP) relationship, whose axes reduce to these three more
familiar relations.
The three plots of Figure 6 illustrate the correlations
between M∗ and Z (bottom-left), M∗ and SFR (upper-
left), and Z and SFR (upper-right) for star-forming
galaxies in the KISS database. SFR was determined for
KISS galaxies by measurement of Hα luminosity through
the relations in Kennicutt (1998) with a Salpeter (1955)
IMF:
SFR =
LHα
7.9× 1042 ,
where SFR is in M yr−1 and LHα is the Hα luminosity
in erg s−1. Hα luminosities were derived from the origi-
nal KISS objective-prism observations, which encompass
emission coming from the entire galaxy. These objective-
prism spectra provide a more comprehensive measure of
the Hα flux for each galaxy than is possible with long-slit
or fiber spectra.
The individual correlations found in Figure 6 imply the
manifestation of an FP relationship, which projects to
the M∗–Z, M∗–SFR, and Z–SFR relations. Finding the
value of α that minimizes the scatter in the µ≡ log(M∗) –
α log(SFR) relationship should produce a tighter fit than
any of the other three relations alone. In order to com-
pare the KISS galaxy sample to other studies found in
the literature, we have developed an FMR utilizing self-
consistently derived values of M∗, Z, and SFR. Min-
imum vertical scatter is indicative of the “best” combi-
nation of the M∗ and SFR terms in order to determine
galaxy metallicity with the lowest uncertainty. The α
term is varied between 0 and 1, such that for α = 0,
µ corresponds with log(M∗), reducing the FMR to the
M∗–Z relation (e.g., the lower-left panel of Figure 6).
Alternatively, when α = 1, µ becomes log(1/sSFR) = –
log(sSFR), where sSFR is the specific star-formation rate
Figure 7. KISS database FMR with minimized uncertainty about
the vertical (abundance) axis. The “best” value of α was found to
be α = 0.179. The associated RMS scatter for this minimized value
of α is 0.178.
(SFR normalized by stellar mass; Mannucci et al. 2010).
Minimum scatter, then, is found for some intermediate
value of α.
In order to determine the best value of α to minimize
scatter about µ in the FMR, RMS uncertainties about
values of α were calculated for the KISS sample of star-
forming galaxies. For our sample, we have found the
value of α that minimizes scatter in the FMR to be α
= 0.179. The accompanying oxygen abundance versus µ
plot and linear bisector fit to the data is shown as Figure
7, taking the form:
12 + log(O/H) = 3.221(±0.099) + 0.563(±0.008)× µ,
with RMS scatter in the abundance (vertical) direction
of σ = 0.178. Discussion of our derived FMR, including
the value of minimized α, and a comparison to previous
work is deferred to the next section.
5. DISCUSSION
Many extant studies have produced fits for metallicity
relations utilizing a wide variety of sample selection tech-
niques and abundance calibrations. The adopted choices
for these quantities have profound ramifications on the
resultant forms of such metallicity relations. Notably,
Kewley & Ellison (2008) demonstrated the effects an ap-
plication of ten different SEL abundance determination
methods on a set of SFGs has on the development of the
M∗–Z relation. For a given stellar mass, the adopted
choice of abundance calibration can severely affect the
slope and alter the estimated metallicity by up to ∼0.7
dex (see their Figure 2). Clearly, this effect has signifi-
cant impact on the resulting functional form of the L–Z,
M∗–Z, and M∗–Z–SFR relations for any given sample
of systems. Careful consideration must be given to such
issues in order to provide proper observational constraint
for theoretical models.
With the establishment of new metallicity relationships
KISS Metallicity Relations 11
utilizing the updated KISS sample of SFGs, we are capa-
ble of making direct comparisons with previous studies
available in the literature. We investigate how sample
selection and metallicity estimation method affect galax-
ian metallicity relations. Differences are subsequently
manifest as variations in the results afforded by mod-
els of chemical evolution. In the following subsections,
we explore the differences in L–Z, M∗–Z, and the FMR
between our KISS-derived relations and equivalent fits
prominent in the literature. Given the large number of
previous studies, we limit our comparison to a modest
number of representative relations. Furthermore, we con-
fine our comparison to the B-band L–Z relations only,
except for our discussion comparing this work with previ-
ous KISS optical and NIR L–Z relation fits (Salzer et al.
2005a; see §5.1.3).
In comparing the functional forms of our L–Z and
M∗–Z relations with those available in the literature,
we present the relevant coefficients, errors on the co-
efficients, and RMS uncertainties about the fits in Ta-
bles 1 and 3, respectively. L–Z relation fits summarized
in Table 1 are presented in the form 12+log(O/H) =
A + Bx, where x = MB . M∗–Z relation fits summa-
rized in Table 3 are presented in the form 12+log(O/H)
= A + Bx + Cx2, where x = log M∗. Functional form
comparisons of optical and NIR L–Z relation fits devel-
oped using the KISS sample of SFGs are summarized in
Table 2 and are presented in the form 12+log(O/H) =
A + Bx, where x = MH or MK . Again, we note that
the decision to limit our literature comparisons to lin-
ear L–Z relations and either linear or quadratic M∗–Z
relations should not be taken to mean that we feel that
these are the only viable functional forms of these re-
lations. Rather, these limitations were implemented to
simplify our comparisons while reflecting common prac-
tices in previous studies.
5.1. L–Z Relation Comparison
The L–Z relation fit developed by this study was con-
structed using a dataset of SFGs covering a wide dy-
namic range of luminosities and metallicities. We have
analyzed our results against other examples available in
the literature in order to understand how our dataset and
functional fit compares and contrasts with those of other
studies. Samples which cover a similarly large range in
galaxy luminosity produce L–Z fits that generally paral-
lel our fit. Variations in metallicity calibration, however,
can create substantial differences in the degree to which
the fits overlap the current dataset. Many works focusing
on obtaining Te-method oxygen abundances for smaller
sets of ELGs arrive at substantially different forms of L–
Z. We address each variety of galaxy sample and their
respective L–Z fits separately and compare them to our
results presented in §4.1. In addition, we compare our
B-band L–Z relation fit with KISS L–Z relations devel-
oped for the H- and K-bands, to investigate the effect of
the expanded KISS metallicity sample of galaxies since
the previous study of Salzer et al. (2005a).
5.1.1. Large Sample L–Z Relations with SEL-Method
Metallicities
Obtaining oxygen abundances for a large (> ∼1,000)
sample of SFGs is an observationally challenging project
that requires huge amounts of telescope time and data
processing power. Projects such as the SDSS have pro-
vided spectral data for multitudes of star-forming sys-
tems, however the observational depth obtained for a
given galaxy is rarely sufficient to provide for measurable
flux in the emission lines of temperature-sensitive species
such as [O III]λ4363. Possessing direct-method metallic-
ities for even a small fraction of a large-scale sample of
SFGs is therefore rare, and direct-method abundances
are nearly always limited to lower-luminosity systems.
Studies which employ spectral stacking (e.g., Andrews
& Martini 2013; Curti et al. 2017) attempt to circum-
vent this problem, but may be subject to substantial bi-
ases (see §5.3). Empirical strong-line methods are there-
fore employed to estimate the oxygen abundances of such
large galaxy samples.
Utilizing KISS photometry and the initial calibration
of the Coarse abundance method to measure galactic
metallicity, Melbourne & Salzer (2002) calculated an L–
Z relation fit for the KISS sample of star-forming galax-
ies with a slope of -0.267 and with an RMS scatter of
σ = 0.27. This early KISS-based study included only
519 galaxies with suitable spectral data. The followup
study of Salzer et al. (2005a) included more objects with
derived abundances (765), and employed multiple L–
Z functional fits developed from three separate sets of
KISS galaxy metallicity values. Salzer et al. (2005a)
utilized three distinct variations of the SEL R23 abun-
dance indicator to provide calibration points for their
Coarse-method metallicity relations, including Edmunds
& Pagel (1984; EP84), Kennicutt et al. (2003; KBG03),
and Tremonti et al. (2004; T04). The functional coef-
ficients and associated RMS scatters for these fits are
found in Table 1. We refer the reader to Salzer et al.
(2005a) §§3 & 4 for more details.
Following our efforts to supplement and update the
KISS database as described in §2.2, we have produced an
updated KISS L–Z relation. Compared to previous KISS
studies, our new fit is now marginally steeper and pos-
sesses a slightly lower intercept (Figure 8). The L–Z fits
from Salzer et al. (2005a) developed using three separate
SEL-method parameterizations demonstrate the spread
in metallicity that can arise depending on the choice of
calibration: At the high-luminosity end, for example, the
KBG03 method produces a metallicity ∼0.4 dex lower
than that of the T04 method for the same sample of
galaxies. Our fit to the updated KISS sample with the
new O3N2-method abundances remains generally con-
sistent with previous forms of the relation derived for
galaxies in the KISS database.
The seminal study undertaken by Tremonti et al.
(2004) produced an L–Z relation using 53,400 ELGs from
SDSS. The Tremonti et al. (2004) relation exhibits a
shallower slope as compared to our work and the pre-
vious KISS studies (Figure 8). An explanation for the
comparatively shallow slope lies in the SEL metallicity
estimation method employed, which flattens somewhat
at high luminosities (see Tremonti et al. 2004 §3.1 for
details). Furthermore, the magnitude-limited nature of
the Tremonti et al. (2004) sample means that the result-
ing L–Z fit is heavily weighted to the higher luminosity
galaxies (MB < -20), whereas the KISS sample has a
more uniform luminosity distribution. A linear fit made
to this sample in only the luminosity range leading up
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Figure 8. A comparison of L–Z relation fits made from the KISS database of SFGs and other studies utilizing a wide range of galaxy
luminosities. The black line represents the current study, while the red, green, and blue lines are from Salzer et al. (2005a) utilizing different
metallicity estimation calibrations: Edmunds & Pagel (1984; EP84), Kennicutt et al. (2003; KBG03), and Tremonti et al. (2004; T04),
respectively. The magenta line is from Tremonti et al. (2004), with abundances computed via simultaneous fits to various important strong
nebular emission lines. The cyan line is from Lamareille et al. (2004), with abundances computed via the McGaugh (1991) SEL calibration.
The current work demonstrates a steeper slope and higher intercept than previous KISS studies. Gray points are KISS SFGs.
to the region where the metallicity distribution starts to
flatten produces a slope more consistent with that of the
current study.
Utilizing spectral data from the 2dF Galaxy Redshift
Survey (2dFGRS) of 6,387 SFGs, the study of Lamareille
et al. (2004) has also produced an L–Z relation fit. Be-
cause it utilizes the McGaugh (1991) SEL-method cal-
ibration for estimating metallicities, this study makes
an ideal comparison sample for the current KISS-based
study. As seen in Figure 8, the L–Z fit of Lamareille et al.
(2004) closely matches that of the current study, a con-
sequence of representative sample selection and choice of
SEL-method metallicity calibration.
The choice of metallicity calibration for large samples
of SFGs has profound effects on the form of the L–Z re-
lation. Nonetheless, it is clear that slope values in the
range of ∼ 0.2–0.3 are favored. The polynomial coeffi-
cients for the functional forms of these fits are summa-
rized in Table 1.
5.1.2. L–Z Relations with Direct-Method Metallicities
The development of an L–Z relation fit utilizing ro-
bust, direct-method oxygen abundances has promise to
accurately represent the metallicities of galaxies in a
manner that improves upon the estimations afforded by
any SEL technique. As stated previously, however, ac-
quiring accurate spectral data with Te-quality data for
a large sample of SFGs spanning the full range of lumi-
nosities is an enormous observational challenge. These
robust metallicity determinations are limited to galax-
ies at relatively low luminosities. SEL abundance esti-
mation techniques are therefore a necessity for at least
some objects in datasets spanning the full range of galaxy
luminosities. Nevertheless, many studies exist in the lit-
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Table 1
Luminosity-Metallicity Relation Polynomial Coefficients for Functional
Forms
L–Z Study A B RMS
SEL-Method Metallicities
This work 2.664 ± 0.170 -0.320 ± 0.009 0.280
Melbourne & Salzer (2002) 3.60 ± 0.20 -0.267 ± 0.009 0.27
Salzer et al. (2005a) [EP84] 3.32 ± 0.06 -0.280 ± 0.003 0.292
Salzer et al. (2005a) [KBG03] 4.18 ± 0.06 -0.222 ± 0.003 0.245
Salzer et al. (2005a) [T04] 3.57 ± 0.06 -0.271 ± 0.003 0.277
Tremonti et al. (2004) 5.238 ± 0.018 -0.185 ± 0.001 0.1
Lamareille et al. (2004) 3.45 ± 0.09 -0.274 ± 0.005 0.27
Direct-Method Metallicities
Skillman et al. (1989) 5.50 -0.153 0.16
Richer & McCall (1995) 5.67 ± 0.48 -0.147 ± 0.029 . . .
Guseva et al. (2009) 5.745 ± 0.199 -0.134 ± 0.012 . . .
van Zee & Haynes (2006) 5.65 ± 0.17 -0.149 ± 0.011 0.15
van Zee et al. (2006) 5.67 ± 0.21 -0.151 ± 0.014 0.21
Lee et al. (2006) 5.94 ± 0.27 -0.128 ± 0.017 0.161
Berg et al. (2012) 6.27 ± 0.21 -0.11 ± 0.01 0.15
Lee et al. (2004) 5.37 ± 0.46 -0.159 ± 0.029 0.260
Haurberg et al. (2015) 6.21 ± 0.11 -0.113 ± 0.007 . . .
This work [Te only] 6.543 ± 0.116 -0.084 ± 0.007 0.216
Note. — Polynomial coefficients are presented in the form of
12+log(O/H) = A + Bx, where x = MB .
erature that have developed L–Z relation fits to samples
of SFGs which possess oxygen abundance values derived
via the direct-method. These works aim to characterize
the astrophysical processes associated with star forma-
tion in low-luminosity systems. The resulting functional
fits are illustrated in comparison to this work in Figure
9, with polynomial coefficients summarized in Table 1.
An examination of Figure 9 clearly demonstrates
the similarities of the L–Z fits with one another from
the available studies. It is clear that relations derived
for samples of SFGs with oxygen abundances computed
by the direct-method are restricted to lower luminosi-
ties and all share approximately the same slope. The
small (∼0.25 dex) spread in the abundance scale is al-
most certainly a consequence of small variations in the
specific techniques used in determining Te-method abun-
dances. It is also possible that some variations in the
various direct-method L–Z fits are due in part to lu-
minosity enhancements impacting specific samples. For
example, the Lee et al. (2004) KISS sample and the Gu-
seva et al. (2009) SDSS sample are dominated by BCD
galaxies. The L–Z fits from these studies are the two
located further to the right in Figure 9. The BCDs likely
have their luminosities enhanced by 0.3-1.0 magnitudes
relative to more quiescent dwarf irregulars that dominate
other samples.
We point out an important effect that likely acts to
bias the slopes of the Te-method L–Z fits low. Consider
the galaxies in an L–Z diagram like Figure 9 located at
intermediate luminosity (MB ∼ -17 to -19). Any star-
forming system with measurable temperature-sensitive
emission lines at these luminosities will necessarily sit on
the low-abundance side of the metallicity distribution at
these luminosities. The temperature-sensitive emission
lines necessary for computation of direct-method oxygen
abundances are typically too weak to measure for higher-
metallicity systems (e.g., galaxies with 12+log(O/H) &
8.5). ELGs at intermediate luminosities with direct-
method metallicity measurements used in the develop-
ment of L–Z relations, then, can only be those of suffi-
ciently low abundance that [O III]λ4363 remains recover-
able. This precludes any star-forming system outside of
the lowest metallicities, and therefore any resulting L–Z
relationships using such systems will always be biased to
lower slopes.
To further illustrate this bias, star-forming KISS galax-
ies with Te-method abundances are shown as purple dots
in Figure 9. These points are found to be restricted to
only low and intermediate luminosities, consistent with
expectation. While direct-method abundances for galax-
ies at low-luminosities are spread evenly amongst the
spread of metallicities estimated using our O3N2-method
calibration, at intermediate-luminosities these galaxies
are clearly restricted to the lower-abundance side of the
distribution of points. For galaxies with luminosities
brighter than MB = -17.5, the direct oxygen abundances
all lie beneath the linear L–Z fit (black line) made to
our full sample. At intermediate absolute B-band mag-
nitudes, then, galaxies with direct-method metallicities
are biased low compared to the full sample of galaxies in
that luminosity range. A linear bisector fit (purple line)
made for the Te-method abundance sample alone demon-
strates a considerably shallower slope as compared to the
full-sample fit (slope = -0.084, RMS scatter σ = 0.216).
This finding is consistent with the slopes determined by
the studies which use direct-method abundances only.
Even with this bias accounted for, the difference in
the slope of L–Z for the sets of Te-method samples and
that of this and other works illustrated in Figure 8 raises
the possibility that the L–Z relation may not be linear
at all. That is, the slope of the L–Z relation appears
to change significantly over the full range of luminos-
ity covered by the data. Low-luminosity star-forming
systems appear to operate under somewhat different as-
trophysical mechanisms than those at high luminosities.
If sampled exclusively in the regime of lowest luminosi-
ties, the L–Z relation slope appears to flatten. This may
reflect the possibility that dwarf galaxies self-enrich to
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Figure 9. A comparison of L–Z relation fits developed from samples of systems with Te-method oxygen abundances with that of this study
made utilizing the KISS database of SFGs. Gray points are KISS SFGs, while purple points represent the KISS galaxies with Te-method
abundances. The L–Z fits made from Te-abundances are noticeably similar in slope, and in addition are consistently limited in range to
relatively low luminosities. The luminosity ranges plotted for each fit represent the actual ranges of the data used to derive the fits. The
relationship between galaxy luminosity and gas-phase oxygen abundance in this regime appears to be different than for studies examining
a wider range of galaxy demographics.
some nonzero abundance value early in their evolution
(e.g., Kunth & Sargent 1983). This would lead to a
“floor” of the abundance distribution, which would natu-
rally result in a flattening of the L–Z relation. In essence,
this result would indicate that SFGs cannot be arbitrar-
ily metal-poor unless they are forming stars for the first
time or they have experienced a large infall of pristine
gas. Hα Dots (Kellar et al. 2012) are recently discovered
examples of emission-line sources that represent some of
the lowest-luminosity examples of star-forming systems
known. Preliminary abundance analysis for these objects
utilizing SEL techniques appears to produce results con-
sistent with a flattened L–Z relation. Continuing study
of Hα Dot metallicities, including new spectral observa-
tions yielding direct-method abundances (Hirschauer et
al., in preparation), promises to reveal new information
on the extremely low-luminosity regime.
We conclude that L–Z (and probably M∗–Z) relations
that exclusively use Te abundances will always be biased
to lower slopes and are not representative of the over-
all metallicity characteristics of the general population
of galaxies.
5.1.3. Optical and Near Infrared L–Z Relations
In addition to the B-band relations presented in §§5.1.1
and 5.1.2, we have made KISS galaxy L–Z relations mea-
sured for the H- and K-bands. The development of
metallicity relations using longer-wavelength luminosi-
ties illustrates the physical differences implicit with the
measured starlight: As the wavelength shifts from optical
to NIR, the luminosity begins to trace the many lower-
mass, long-lived red giant stars rather than the relatively
small number of higher-mass, short-lived O- and B-type
stars. In addition, NIR wavelengths are less affected by
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internal absorption effects than optical light. A progres-
sion to longer wavelengths therefore has the effect of more
representatively tracing the stellar population of a given
system.
Linear bisector L–Z relation fits in H- and K-bands
are shown as Figure 10. The left panel (a) represents
MH data while the right panel (b) represents MK data.
These NIR data are from the 2MASS database; see Salzer
et al. (2005a) for details. For the sake of comparison, red
dashed lines representing the slope of the B-band L–Z re-
lation, with an arbitrary vertical shift to place it roughly
in the center of the plot, are included. The shallower
slope of the NIR L–Z relation fits as compared to that
of the optical data is consistent with longer wavelengths
being a more representative tracer of stellar content and
lower internal absorption.
In comparison to the Salzer et al. (2005a) study of
KISS L–Z relations in optical and NIR, the recent addi-
tion of more spectral data of KISS galaxies has roughly
doubled the number of data points in each case. The
polynomial coefficients for all fits are summarized in Ta-
ble 2. While for optical data, the KISS L–Z relation
slopes are somewhat steeper than were found in Salzer
et al. (2005a), the NIR data presents KISS L–Z relation
slopes that are slightly shallower than the previous study.
The slopes of -0.196 are probably close to the “true”
value, since they are derived using nearly absorption-free
luminosities. In addition, the scatter in the two NIR fits
(σ = 0.168 in H and σ = 0.178 in K) are slightly lower
than the scatter in our M∗–Z relation (σ = 0.182). This
finding suggests that at NIR wavelengths, the L–Z rela-
tion is as reliable a tracer of stellar content in galaxies
as the M∗–Z relation. As pointed out by Salzer et al.
(2005a), however, the 2MASS survey tends to undersam-
ple the intermediate- and low-luminosity galaxies, result-
ing in an L–Z relation that is not as representative of the
full range of galaxies present in KISS.
5.2. M∗–Z Relation Comparison
As shown in §4.2, we have produced an M∗–Z relation
using the KISS database of SFGs for the first time. Here
we compare our derived result with other studies from
the literature in Figure 11. In each case, the fit is illus-
trated over the range of applicable masses as stated from
the respective studies. Similar to our discussion of the
L–Z relation in §5.1, we compare our derived fit in or-
der to better understand the astrophysical relationship
of stellar mass and gas-phase oxygen abundance. We
emphasize that the researchers’ adopted choice of metal-
licity calibration can have a substantial effect on both the
slope and abundance scale for a given set of star-forming
systems (Kewley & Ellison 2008).
Galaxian stellar masses (M∗) for the KISS sample
were computed via an SED-fitting routine (described in
§2.3) which utilizes multi-wavelength photometric data
and accounts for effects such as dust absorption and star
formation in a manner that adoption of a single mass-
to-light (M∗/L) ratio conversion cannot. Techniques
that utilize luminosity and color to estimate mass (e.g.,
Brinchmann & Ellis 2000; Bell & de Jong 2001) can be
hugely influenced for galaxies undergoing starbursts as
compared to giant spirals or ellipticals, as a significant
fraction of the light output is attributable to compara-
tively few massive, luminous stars. The KISS SED fits
are capable of tracing the older stellar populations, which
constitute a far greater proportion of a galaxy’s mass,
as well as account for the effects of internal absorption,
which can be significant. They are therefore able to of-
fer a more representative estimation of M∗ than M∗/L
ratios.
Some studies of the M∗–Z relation find a flattening of
abundance values at high stellar mass which produces
a pronounced curvature. This necessitates the use of a
higher-order fitting function. The Tremonti et al. (2004)
study of ∼53,400 ELGs from SDSS provides a functional
fit given by a quadratic equation that is reported as valid
over the range of 8.5 < (log M∗) < 11.5. The 1 σ scat-
ter of the data around the median of the distribution is
±0.10 dex. The relation shows a fairly linear appearance
between 108.5 and 109.5 M. In this mass regime the
Tremonti et al. (2004) relation parallels our fit, modulo
a vertical offset which is attributable to differences in
metallicity calibration. Beyond 109.5 M, however, the
Tremonti et al. (2004) M∗–Z relation appears to flatten.
This is interpreted by Tremonti et al. (2004) as evidence
that there exists some fundamental limit to the amount
of enrichment a star-forming system can achieve. While
the higher-order fit to the KISS M∗–Z data does indi-
cate a modest flattening at higher masses (Figure 5), the
curvature is not as evident as that seen in the Tremonti
et al. (2004) data.
In addition to the large-scale M∗–Z relations like those
of Tremonti et al. (2004), we also compare our work to
studies utilizing smaller sample sizes and more limited
ranges of galaxies. Berg et al. (2012) produced an M∗–
Z relation to their “Combined Select” sample of low-
luminosity dwarf galaxies, finding a slope of 0.29 and
with a reported RMS scatter of σ = 0.15. Haurberg
et al. (2015) similarly produced an M∗–Z fit to a set of
extremely low-mass dwarf SFGs, deriving a relation with
slope of 0.30, nearly identical to that of Berg et al. (2012).
As a direct comparison to the Berg et al. (2012) and Hau-
rberg et al. (2015) studies, Te-method abundance sources
from the KISS sample are included in Figure 11 as pur-
ple dots. These metallicities are restricted to galaxies of
low and intermediate masses only for the same reason as
described in §5.1.2.
The polynomial coefficients for the functional forms of
these fits and RMS scatter are summarized in Table 3.
In comparison with the differences in L–Z relation slope
between Te-method abundance samples and the current
work presented in Figure 9, we note that the slope dis-
parities remain present but are less severe for M∗–Z than
for L–Z.
Finally, we note that the scatter in the new KISSM∗–Z
relation is significantly lower than that in the KISS L–Z
relation (σM∗−Z = 0.182 versus σL−Z = 0.280). This
is true despite the fact that the two samples are nearly
identical and the same abundances are used for both fits.
This would seem to imply that the additional scatter in
the L–Z relation is caused by an enhanced range of lu-
minosity at a given mass. Starburst events causing lu-
minosity enhancements in each KISS galaxy are a major
factor, particularly in the lower-luminosity systems. At
higher masses, dust absorption plays an increasing role
in creating scatter in the observed luminosity. Since the
SED mass determinations account for the current star
formation and the effects of absorption, the M∗ values
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Figure 10. KISS galaxy L–Z relations in two NIR wavelength regimes. The left panel (a) represents MH data while the right panel
(b) represents MK data. The red dashed lines represent the slope of the B-band L–Z relation for comparison, shifted to an arbitrary
y-intercept such that it falls roughly in the center of the plot. Oxygen abundances (y-axes) are estimated using our O3N2 method defined
in §3.3. The slope of the fits for L–Z relation plots becomes shallower at longer wavelengths.
Table 2
KISS Optical and NIR Linear Luminosity-Metallicity Relation Polynomial
Coefficients for Functional Forms
L–Z Study N A B RMS
H-band
This work 739 4.469 ± 0.201 -0.196 ± 0.006 0.168
Salzer et al. (2005a) [EP84] 399 3.91 ± 0.09 -0.215 ± 0.003 0.225
Salzer et al. (2005a) [KBG03] 399 3.98 ± 0.10 -0.201 ± 0.004 0.225
Salzer et al. (2005a) [T04] 399 4.95 ± 0.08 -0.172 ± 0.003 0.166
K-band
This work 666 4.398 ± 0.218 -0.196 ± 0.007 0.178
Salzer et al. (2005a) [EP84] 370 3.92 ± 0.09 -0.212 ± 0.003 0.235
Salzer et al. (2005a) [KBG03] 370 4.03 ± 0.10 -0.195 ± 0.004 0.233
Salzer et al. (2005a) [T04] 370 4.85 ± 0.09 -0.173 ± 0.003 0.179
Note. — Polynomial coefficients are presented in the form of
12+log(O/H) = A + Bx, where x = MH or MK .
used in our M∗–Z fit are not correspondingly affected.
Hence, our M∗–Z relation has much smaller scatter, and
we take it to be more fundamental.
5.3. FMR Comparison
The availability of stellar mass estimates computed
via SED fits, SFRs calculated from Hα emission line
fluxes, and self-consistent metallicity estimates of the
KISS SFGs has allowed for the formulation of an M∗–
Z–SFR FMR. Beginning with Lara-Lo´pez et al. (2010)
reporting the development of a fundamental plane (FP)
and the original FMR work of Mannucci et al. (2010),
many studies have been undertaken to combine these
three parameters in effort to more fully understand the
foundational astrophysics.
Using emission-line analysis carried out by the
MPA/JHU group of ELGs from SDSS-DR7 (York et al.
2000; Abazajian et al. 2009), the initial FMR study car-
ried out by Mannucci et al. (2010) was comprised of
141,825 SFGs at z ∼ 0, supplemented by a set of 182
objects taken from the literature at intermediate redshift
(z = 0.5–2.5) and 16 galaxies observed at high redshift
(z = 3–4). The minimization of the Mannucci et al.
(2010) FMR scatter occurs at a value of α = 0.32, with
residual metallicity dispersion for local systems about
this relationship of σ = ∼0.05 dex. Furthermore, they
found no evidence for evolution up to z = 2.5, an indi-
cation that unlike the M∗–Z relation, the FMR implies
a tight scaling of the properties associated with the star-
formation process between the high redshift and local
universe. Some evolution in the relation seen for SFGs
at z ∼ 3.3 may come as a consequence of observational
effects and selection biases, but overall some other phys-
ical mechanisms are likely to become increasingly more
relevant at this epoch.
The evolution witnessed in the M∗–Z relation, a con-
sequence of the chemical enrichment being less complete
for higher-redshift galaxies as compared to today, can
be accounted for in the FMR formulation as a conse-
quence of increased SFR at earlier cosmological epochs.
In essence, when the stellar mass and rate of star forma-
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Figure 11. Comparison of M∗–Z relations developed from this study (black line), Tremonti et al. (2004; blue line), Berg et al. (2012;
red line), and Haurberg et al. (2015; green line). The Tremonti et al. (2004) quadratic relation demonstrates a pronounced curvature and
flattening of oxygen abundance at the high-mass end. Conversely, the Berg et al. (2012) and Haurberg et al. (2015) linear fits possess
shallower slope, consistent with these samples being comprised solely of Te-abundance selected galaxies representative of only low-mass,
low-abundance systems. KISS galaxies with Te-method metallicities are plotted as purple points, illustrating a similar bias toward lower
abundances at intermediate masses demonstrated with the L–Z plot of Figure 9. A linear bisector fit to these points (purple line) shows
yet shallower slope.
Table 3
Mass-Metallicity Relation Polynomial Coefficients for Functional Forms
M∗–Z Study A B C RMS
This work 3.838 ± 0.102 0.563 ± 0.007 — 0.182
Tremonti et al. (2004) -1.492 1.847 -0.08026 0.10
Berg et al. (2012) 5.61 ± 0.24 0.29 ± 0.03 — 0.15
Haurberg et al. (2015) 5.60 ± 1.86 0.30 ± 0.25 — . . .
This work [Te only] 5.990 ± 0.118 0.236 ± 0.014 — 0.198
Note. — Polynomial coefficients are presented in the form of
12+log(O/H) = A + Bx + Cx2, where x = log M∗.
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tion are combined as the single parameter µ ≡ log(M∗) –
α log(SFR) and compared to metallicity, the interpre-
tation for the FMR is that at a given galaxian mass
an enhancement/reduction in SFR is balanced by a cor-
responding reduction/enhancement in gas-phase abun-
dance. Followup work of Mannucci et al. (2011) extends
the α = 0.32 FMR framework with an additional collec-
tion of low-mass galaxies, finding consistent results albeit
with increased scatter. Such increasing scatter toward
dwarf galaxies is attributable to a large spread in their
histories and current levels of star formation (Hunter &
Hoffman 1999; Hunt et al. 2005; Zhao et al. 2010).
The analysis undertaken by Yates et al. (2012) devel-
oped an FMR for 177,071 unique ELGs from SDSS-DR7,
plus an additional 43,767 SFGs from the cosmological
semi-analytic model l-galaxies. Oxygen abundances
are computed using two separate methods, producing
two different datasets (respectively, their Samples T1 and
T2). Minimizing the dispersion of the FMR for each
of their samples produces optimum values of α, where
for T1 the best α = 0.36, very similar to the Mannucci
et al. (2010) result, while for T2 the minimizing value is
α = 0.19. The difference in optimum α between these
two samples may be a consequence of the exclusion of
some emission lines from the Bayesian analysis, which
has the effect of strengthening the metallicity dependence
on SFR, particularly for lower-mass galaxies. At a given
stellar mass, the effect on SFR measurement would act
to change µ in a way that would cause α to be smaller for
the T2 as compared to the T1. These minimizing values
of α produce dispersions of σ = ∼0.06 dex for their T1
sample and σ = ∼0.08 dex for their T2 sample.
The study of Salim et al. (2014) utilized a sample
taken from the SDSS spectroscopic survey (Strauss et al.
2002) following the prescriptions set by Mannucci et al.
(2010). Galactic parameters of stellar mass, metallic-
ity, and SFR were adopted from the MPA/JHU cata-
log. This work argues that because SFR scales with stel-
lar mass, a SFR normalized to mass (the specific star-
formation rate; sSFR) is a more physically motivated
third parameter for the FMR. Furthermore, they found
that galaxy sample selection by SFR or sSFR introduces
a mass selection, and therefore offsets in M∗–Z are a
consequence of relative levels of sSFR at a given mass
rather than absolute SFR. They therefore tested the for-
mulation of the FMR by comparing Z with the relative
sSFR, defined as the difference between a galaxy’s sSFR
and the sSFR typical for galaxies of that mass, in mass
bins 0.5 dex wide. By reducing these biases, this study
found that metallicity dependence on sSFR is different
for extreme star-forming systems versus “normal” SFGs,
producing a broken linear fit between Z and sSFR. Sam-
ples comprised of higher SFR galaxies and/or galaxies at
higher-redshifts therefore do not follow the local FMR.
Consequently, reduction in scatter between their M∗–Z
and FMR relation was found to be minimal, an indica-
tion that the FMR as a three-dimensional “surface” is
not particularly thin.
Also utilizing a large sample of 53,444 SFGs from
SDSS-DR7, Wu et al. (2016) developed an FMR for lo-
cal systems and found minimizing values of α = 0.09
(LHα-derived SFR) and α = 0.07 (L[O III]-derived SFR).
These minimizing values of α produce dispersions of σ
= ∼0.050 dex and σ = ∼0.051 dex, respectively. This
somewhat smaller value of α reduces the Wu et al. (2016)
FMR to nearly the M∗–Z relation, indicating that from
their sample there appears to be comparatively very lit-
tle SFR dependence. The application of minimum lu-
minosity thresholds for their samples (log(LHα) > 41.0
and log(L[O III]) > 39.7, respectively) may explain why
their values of optimum α are low as compared to other
studies: Values of SFR derived from these Hα and [O III]
luminosities consequently shade the overall sample to-
ward the high side of the distribution. Again, for a given
stellar mass we expect that α for these samples must be
comparatively smaller, even as compared to the Yates
et al. (2012) T2 Sample, due to the effects of SFR mea-
surement on µ for the Wu et al. (2016) formulation of
the FMR.
Andrews & Martini (2013) created an FMR utiliz-
ing ∼200,000 SFGs taken from SDSS, measured in bins
of stacked spectra in order to recover the temperature-
sensitive [O III]λ4363 emission line and therefore com-
pute direct-method metallicities. They selected galaxies
in the range 0.027 < z < 0.25 to ensure the inclusion of
necessary emission lines by the SDSS spectrograph. Min-
imized scatter in metallicity for their study was found at
α = 0.66, producing a scatter of σ = 0.13. This value
of optimum α is substantially larger than those found by
this study and by the previous works of Mannucci et al.
(2010), Yates et al. (2012), and Wu et al. (2016). They
attribute this discrepancy to the difference between di-
rect and empirical methods for estimating oxygen abun-
dances, noting that SEL calibrations depend upon phys-
ical properties that are correlated with SFR. By adopt-
ing seven different SEL-method metallicity calibrations
available in the literature for their sample, Andrews &
Martini (2013) find optimum values for α ranging be-
tween 0.12 and 0.34, consistent with this study as well
as the Mannucci et al. (2010), Yates et al. (2012), and
Wu et al. (2016) results. Scatter in their FMRs devel-
oped utilizing SEL-relation abundances is quoted for two
such methods: For the Kobulnicky & Kewley (2004) R23
calibration the σ = 0.09, while for the Pettini & Pagel
(2004) N2-method calibration the σ = 0.07.
With a value of minimizing α = 0.179, our KISS
FMR is consistent with studies utilizing empirical metal-
licity relations. There remains a well-known dispar-
ity in calculated metallicities between direct- and SEL-
method abundance estimation methods (see discussion
in Hirschauer et al. 2015) which is manifest in the widely
discrepant values of optimum α presented in Andrews
& Martini (2013). This may be attributable in part to a
similar sample bias as that described in §5.1.2. At higher-
luminosities, Te-method oxygen abundances are limited
to metal-poor galaxies with measurable temperature-
sensitive emission lines. Metal-rich systems are therefore
comparatively under-represented in direct-method sam-
ples.
In addition, the process of spectral stacking itself may
introduce biases which influence the measurement of to-
tal oxygen abundance. When many spectra are combined
into a single spectrum representing a small range of pa-
rameter space, the increased S/N ratio allows for the
measurement of diagnostic nebular emission lines that
would otherwise be too weak to detect. This averag-
ing process, however, is intrinsically weighted toward the
highest-temperature systems subsumed within the given
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Table 4
Optimum α for FMR Studies
FMR Study Optimum α RMS
This work 0.179 0.178
Mannucci et al. (2010) 0.32 ∼0.05
Yates et al. (2012) Sample T1 0.36 ∼0.06
Yates et al. (2012) Sample T2 0.19 ∼0.08
Wu et al. (2016) LHα-derived SFR 0.09 ∼0.050
Wu et al. (2016) L[O III]-derived SFR 0.07 ∼0.051
Andrews & Martini (2013) 0.66 0.13
stacking bin, corresponding to the strongest emission of
temperature-sensitive emission lines such as [O III]λ4363.
Because this line is so natively weak compared to, for ex-
ample, [O III]λλ4959,5007, any contribution of extraordi-
narily strong emission from an exceptionally metal-poor
object within the specific stacking bin’s parameters will
disproportionally influence the average Te too high.
While the value for optimum α developed by this work
agrees with other studies employing SEL-method metal-
licity estimation techniques, the RMS scatter in the FMR
for our sample (σ = 0.178) is consistently and notice-
ably larger. The results from these studies are summa-
rized in Table 4. Importantly, the difference in sample
selection may have significant influence on the form of
the FMR. Because the KISS catalogs of ELGs include
a much higher proportion of extreme star-forming sys-
tems relative to the general SDSS spectroscopic sample,
this may result in the KISS sample exhibiting a larger
scatter. That is, we should expect more scatter in the
KISS FMR specifically because the KISS sample includes
a larger fraction of outliers in SFR than does SDSS.
The resulting scatter determined for the KISS FMR
does not demonstrate a marked improvement over the
equivalent scatter of the KISS M∗–Z relation (σ =
0.182). Even for a population of systems offset high
from typical levels of activity such as KISS, the scat-
ter of an FMR is expected to be significantly reduced
as compared to the classic M∗–Z relation. The study
of Mannucci et al. (2010) determined that some high-
redshift systems (z > 2.5) were outliers to their FMR,
attributing the scatter to observational effects concern-
ing metallicity calibrations and segregation of AGN, as
well as systematic effects concerning galactic evolution
with increasing redshift (see their §5.1). Offsets from
their FMR as a consequence of elevated SFR at high
redshift may mirror the increased scatter found by this
study demonstrated by the extreme SFGs which com-
prise the KISS sample. Based on a sample of galaxies
characterized by an elevated amount of star formation,
our results appear to challenge the “fundamental” nature
of the FMR.
To further exemplify the impact of extreme star-
forming systems on the FMR, we have included a set
of 13 higher-redshift KISS ELGs to our FMR, shown as
red dots in Figure 12. These SFGs were detected by
emission of [O III]λ5007 falling into the KISS red (Hα)
filter, placing them in the redshift range of z = 0.29-
0.42. For more details on the characteristics of these ob-
jects, see Salzer et al. (2009). In comparison to the main
grouping of KISS galaxies, these [O III]-selected SFGs
demonstrate a noticeable offset to lower oxygen abun-
dance and/or higher µ. A red dashed line illustrates
this difference as a 0.25 dex downward shift of our previ-
ously established fit, which minimizes scatter of the red
dots. This collection of systems exhibits a non-negligible
offset from the already increased scatter associated with
the high-activity Hα-selected KISS sample. Line-selected
galaxies detected at high redshift are fundamentally bi-
ased toward luminous systems with high rates of star-
formation, similar in nature to this set of [O III]-selected
SFGs. Finding such galaxies clearly offset from the FMR
may be an indication that further considerations must
be made in order to truly consider this relation to be a
fundamental representation of all star-forming systems.
Our results are reminiscent of those found in Salim et al.
(2014).
6. SUMMARY AND CONCLUSIONS
We have presented an updated metallicity analysis
based on the expanded spectral database of KISS SFGs,
which includes additional spectral data used for compu-
tation of metal abundances and new stellar mass esti-
mates. Since the most recent presentation of the KISS
sample for an SEL abundance method calibration and
L–Z relation formulation (Salzer et al. 2005a), new ob-
servations using the 9.2-m HET, 2.4-m MDM, and 3-
m Lick telescopes have been undertaken. These spec-
tra have nearly doubled the number of galaxies in the
database, including some with Te-quality data for com-
puting direct-method oxygen abundances. The addition
of [O II]λ3727 emission-line data adopted from KISS
galaxies matched to SDSS has allowed for the calcula-
tion of new McGaugh model grid oxygen abundances for
725 systems. By bringing the number of robust Te- and
McGaugh-method metallicities up from 185 to 739, we
have a nearly four-fold increase in objects available to cal-
ibrate an SEL-method abundance technique as compared
to Salzer et al. (2005a). Our new O3N2-method calibra-
tion has been used to provide a self-consistent metallic-
ity estimation for all galaxies in the KISS database with
suitable data. In addition, for the first time a sophisti-
cated SED fitting routine has supplied stellar mass esti-
mates for KISS galaxies in a manner that mitigates the
influence of luminosity enhancements from a relative few
massive, luminous stars found in starburst systems, as
well as self-consistently accounts for the effects of inter-
nal absorption.
With these estimations of oxygen abundance and stel-
lar mass, we then developed L–Z, M∗–Z, and M∗–Z–
SFR relations for the statistically representative KISS
sample of ELGs. Our linear B-band L–Z relation fit
takes the form:
12 + log(O/H) = 2.664(±0.170)− 0.320(±0.009)×MB ,
with an RMS scatter in abundance of σ = 0.280. In
comparison with previous iterations of KISS L–Z, our
fit is generally consistent but slightly steeper. Differ-
ences stem from the application of our O3N2 metallicity
indicator, which utilizes more high-abundance systems in
its calibration than methods employed by previous KISS
studies. This L–Z relation fit also demonstrates a steeper
slope than that of the large-scale Tremonti et al. (2004)
study. The Lamareille et al. (2004) L–Z relation fit more
closely resembles that of our KISS study, owing to similar
employment of the McGaugh (1991) abundance calibra-
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Figure 12. KISS FMR relation with the addition of 13 high-redshift, [O III]-selected SFGs from the KISS sample (Salzer et al. 2009).
These objects demonstrate noticeable offset from the main grouping of systems, indicated by the dashed red line (offset down from the
main trend line by 0.25 dex). As a consequence of the higher SFR of KISS galaxies, we expect a larger spread as compared to samples
utilizing larger numbers of more “generic” star-forming systems. The large offset of the extreme, high-z galaxies compared to local systems
calls into question the “fundamental” nature of the FMR.
tion and an emphasis on representative sample selection.
A comparison of our L–Z relation to those developed
for smaller samples of low-luminosity star-forming sys-
tems with oxygen abundances determined via the direct
method reveals a dramatic difference: Slopes for fits from
the direct-abundance studies are consistently shallower
in this lower-luminosity regime. Comparisons specifying
this variety of galaxy, however, are hard to observe due
to their relatively paucity within larger samples such as
KISS or SDSS. This difference in slope is likely due in
part to the biasing toward low abundances associated
with Te-method metallicities at intermediate luminosi-
ties. We suggest the L–Z relations based solely on sam-
ples with Te-based abundances will always be biased to
shallower slopes due to this effect. It is also possible
that the L–Z relation exhibits a slope change at lower
luminosities. Low-luminosity systems may self-enrich to
a nonzero abundance level early in their evolution (e.g.,
Kunth & Sargent 1983), which would naturally lead to
flattening of the L–Z relation. Abundance studies of
extremely low-luminosity systems like Hα Dots (Kellar
et al. 2012) may shed light on this issue.
The development of stellar masses using SED fitting
techniques allows us to construct an M∗–Z relation for
the KISS galaxies for the first time. Our linear M∗–Z
relation fit takes the form:
12+log(O/H) = 3.838(±0.102)+0.499(±0.007)×(logM∗),
with an RMS scatter in abundance of σ = 0.182. The
reduction in scatter as compared to our L–Z fit offers
strong support for the reliability of the mass derivation
methods employed. Our result demonstrates consistency
with that of the Tremonti et al. (2004) M∗–Z relation for
systems of intermediate mass, however differences emerge
KISS Metallicity Relations 21
at higher masses. In contrast to our linear regression,
the Tremonti et al. (2004) study adopts a higher-order
polynomial fit which flattens at high abundances. This
disparity appears to be attributable to differences in the
abundance calibration chosen. In addition, a compari-
son of our M∗–Z relation fit with those derived utilizing
low-mass samples with Te-method abundances reveals a
difference in slope that parallels that seen with the L–Z
relation. Flattening of the M∗–Z relation slope at low-
masses yields further support for rapid self-enrichment
of these systems.
Finally, our development of an FMR for the KISS
sample finds an optimum value of α = 0.179 which
minimizes the scatter in the relationship between the
term µ ≡ log(M∗) – α log(SFR) and oxygen abundance
12+log(O/H). This three-dimensional FP relationship of
M∗, Z, and SFR produces the equation:
12 + log(O/H) = 3.221(±0.099) + 0.563(±0.008)× µ,
with RMS scatter in abundance of σ = 0.178. Our
minimizing value of α is consistent with other studies
which use abundances determined via SEL methods.
These are not consistent, however, with methods uti-
lizing stacked spectra to recover temperature-sensitive
emission lines for direct-method abundances. The
larger scatter found for our KISS FMR compared to
other studies may be due to the high-activity levels of
galaxies found in KISS. Deviations from the FMR seen
at high redshift, where selection effects limit analysis
exclusively to the most high-activity systems, may be a
consequence of the same astrophysical mechanisms. The
increased scatter shown by the KISS galaxies may call
into question the “fundamental” nature of the FMR. At
least some galaxies deviate from the tight relation, a
result reminiscent of that found by Salim et al. (2014).
With a self-consistent metallicity calibration and SED
stellar mass estimates for all SFGs of the statistically
representative KISS database, we gain the ability to
pursue several interesting new science applications. One
possible project is a study comparing the star formation
and abundance properties of galaxies as a function of
environment. Specifically, we plan to explore the prop-
erties of galaxies inside and outside of the Boo¨tes Void,
which is sampled by one of the KISS lists (Gronwall
et al. 2004b). Our new O3N2-method abundance scale
provides the ability to estimate metallicities for all KISS
systems in this region. The goal of this study would
be to understand the root cause(s) of any observed
differences in metallicity and/or star formation rate
between systems within low- and high-density regions.
In a second application, we intend to create, for the
first time, a so-called “metallicity function” (MF). The
MF will examine the volume density of star-forming
systems as a function of their metal abundance. Only
with a statistically representative sample of SFGs such
as KISS can such a study be carried out. Based on the
classic Schechter luminosity function (Schechter 1976),
we expect a plethora of low-luminosity systems to exist
(Mateo 1998). The L–Z relation then stipulates that
these low-luminosity galaxies should be metal-poor.
Such low-abundance systems, however, are observation-
ally uncommon (Kunth & Sargent 1983; Izotov et al.
1997; Hirschauer et al. 2016). An investigation of the
MF of ELGs may shed light on this apparent paradox.
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APPENDIX
A. MULTIWAVELENGTH PHOTOMETRIC DATA
This Appendix describes the sources of photometric data and the processes by which we combined multiple datasets
and verified the quality of all input data.
A.1. Optical
The KISS observations include flux measurements in the B and V filters for all sources (e.g., Salzer et al. 2000,
2001). Optical photometry in ugriz filters from the Sloan Digital Sky Survey DR12 (Alam et al. 2015) is obtained
using SQL queries to the CasJobs interface7. We search for matching galaxies (type==3) within 3′′ of all KISS objects,
and use the modelMags provided. Approximately 98% of KISS objects are matched in DR12.
For some galaxies with large angular sizes the SDSS deblending pipeline shreds them into multiple sources and poorly
subtracts their sky levels (Blanton et al. 2011). The NASA Sloan Atlas (NSA8) improves on the sky-subtraction and
photometric measurements for nearby galaxies with large angular extents. NSA also includes fluxes measured from
GALEX UV images using a self-consistent methodology. We thoroughly compared the optical photometry from the
SDSS catalog, NSA, and KISS B and V filters to determine the best optical fluxes for each galaxy.
As metrics of photometric integrity, we use both the positional offsets between SDSS and NSA measurements (at a
threshold of >2′′), and the flux differences between of KISS BV photometry with estimated BV fluxes from the SDSS
7 http://skyserver.sdss.org/CasJobs/
8 http://www.nsatlas.org/
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ugriz photometry (threshold of > 0.25 mag, based on conversions from Jester et al. 2005). Additionally we perform
SED fits (see §2.3.2) including all available optical data and identify cases where the optical measurements from SDSS
or NSA or KISS are inconsistent with the UV+IR SED.
For ∼60% of targets, no NSA photometry is available and the SDSS fluxes are consistent with the KISS BV
photometry (and with the UV+IR SED fit). For ∼30% of targets we replace SDSS catalog photometry with superior
NSA photometry and retain the KISS BV fluxes. We remove 21 KISS objects which are hopelessly blended with
another source, making their photometric measurement intrinsically unreliable. In the remaining cases, we keep either
KISS, NSA, or SDSS optical photometry based on their agreement with preliminary SED fits.
A.2. Ultraviolet
Our UV data come from the GALEX GR69 and include Far UV (FUV, 1344-1786A˚) and Near UV (NUV, 1771-
2831A˚) fluxes, with FWHM PSF resolutions of 4.3′′ and 5.3′′, respectively. We use an SQL CasJobs query to find
matches for ∼90% of our targets within 6′′. In a similar way to the optical comparisons, we use preliminary SED
fits to test whether the GR6 UV fluxes or the NSA UV fluxes give lower reduced χ2 values on the SED fits, and
also compare the S/N of GR6 and NSA fluxes. For ∼7% of targets, the GR6 UV photometry has better quality and
produces better-fitting SEDs than the NSA UV measurements, so we adopt the GR6 values.
A.3. Near Infrared
Our NIR data come from 2MASS which observed the entire sky in J (1.24µm), H (1.66µm), and KS (2.16µm) NIR
filters with 2′′ pixels (Skrutskie et al. 2006). We query both the Point Source Catalog (PSC) and Extended Source
Catalog (XSC) using a cone search within 10′′ of all KISS target positions. This process resulted in the detection of
65% of the KISS galaxies in the PSC in at least one band, while 40% were found in the XSC. At 2MASS resolution,
some KISS galaxies are resolved while most are unresolved. Merging these two catalogs gives the most complete NIR
data available. We use the standard-aperture corrected fluxes from the PSC (“stdap”) and the fully extrapolated XSC
fluxes (“ ext”). For objects with faint apparent magnitudes (i.e., J = 16 mag) the PSC and XSC flux measurements
are equivalent, while for brighter (and larger) objects the PSC fluxes require a small additional correction in order to
agree with the XSC fluxes. Our final 2MASS photometry is designed to be as consistent and complete as possible, and
includes NIR fluxes for ∼60% of KISS.
A.4. Mid Infrared
Our MIR data come from WISE, which mapped the entire sky in w1 (3.4µm), w2 (4.6µm), w3 (12µm), and w4
(22µm) bands, with FWHM PSF resolutions of 6.1′′, 6.8′′, 7.4′′, and 12.0′′ respectively. We matched our sources to the
ALLWISE10 catalog. This catalog only contains PSF profile-fit photometry, however, and some of the KISS targets
are near enough to be resolved, making PSF photometry inaccurate. To mitigate this, we download ALLWISE Atlas
images in all four bands for each target and use SExtractor (Bertin & Arnouts 1996) to measure their fluxes, and
also calculate distances to nearby neighbors which may affect the photometry (see §3 in Janowiecki et al. 2017b for a
detailed description of this method and our treatment of blended sources and confusion).
A.5. Summary of Photometric Data
In the end, we construct SEDs using the optimal combination of all available photometry. Table 5 summarizes the
inventory of reliable flux measurements in each filter.
B. SED FITS AND SYSTEMATIC VERIFICATIONS
This Appendix first briefly describes the SED fitting process, and then the tests we performed to verify that SED
fits with differing wavelength coverage do not yield best-fit parameters which suffer from systematic differences.
B.1. SED Fitting
We use CIGALE to fit SEDs following the same procedures as described in §3 of Janowiecki et al. (2017a). In short,
CIGALE uses theoretical models to derive the flux emitted and absorbed by stars, gas, and dust in a grid of galaxy
models. All parameters used in this grid are given in Table 6. The stellar populations synthesis models (Bruzual &
Charlot 2003) use a Salpeter (1955) IMF and are sampled between metallicities of Z = 0.0001 and Z = 0.05. We
use two-burst stellar population tau-models where the star formation histories of the old and young populations are
described by declining exponential functions with well-sampled scale times and ages, and are related to each other by
a mass ratio.
Metallicity-dependent nebular emission and absorption is computed following Inoue (2011), and dust attenuation is
based on the method of Cardelli et al. (1989), with the formulas from Calzetti et al. (2000) and Leitherer et al. (2002).
Dust (re-)emission is modeled by templates from Dale et al. (2014), which depend on a single heating parameter, which
we sample in our grid. We have not included any AGN contributions.
9 http://galex.stsci.edu/GR6/
10 http://wise2.ipac.caltech.edu/docs/release/allwise/
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Table 5
Photometry inventory for KISS
Filter name Ngood Percentage
FUV 1991 90%
NUV 1894 86%
u 2133 97%
g 2129 96%
r 2133 97%
i 2133 97%
z 2130 97%
B 2058 93%
V 2058 93%
J 1422 64%
H 1339 61%
Ks 1185 54%
w1 1912 87%
w2 1956 89%
w3 1897 86%
w4 1253 57%
Note. — Ngood is the number
of flux measurements in each filter
which pass all quality control tests.
Table 6
SED-fitting grid parameters
Parameter Symbol Values Units
Old pop. age [Myr] ageo 2000, 7000, 13000 Myr
Old pop. e-folding time [Myr] τo 100, 1000, 10000 Myr
Young pop. age [Myr] agey 20, 50, 150, 500, 2000 Myr
Young pop. e-folding time [Myr] τy 3, 30, 300, 3000 Myr
Young pop. mass fraction fb 0.001, 0.003, 0.01, 0.1, 0.5, 0.99 · · ·
Stellar metallicity Z 0.0004, 0.004, 0.008, 0.02, 0.05 Z/Z
Amount of dust attenuation E(B − V )y 0.01, 0.03, 0.065, 0.1, 0.25, 0.4, 0.7 · · ·
Power-law slope on extinction law δ 0.7, 0.3, 0.1, 0, 0.1, 0.3, 0.7 · · ·
Dust heating parameter α 1, 1.5, 2, 2.5 · · ·
Note. — Note that we require that ageo > agey + 10 Myr, to enforce a separation between
the old and young stellar populations.
After generating a grid of synthetic SEDs, CIGALE compares each model to the observed SED and computes a
χ2 value at each grid point. Figure 13 shows the reduced χ2 distribution for objects in “Class 1” (see §B.2 for more
details). These χ2 values are used to generate probability distribution functions (PDFs) for each analyzed parameter,
in a Bayesian-like framework (Kauffmann et al. 2003; Salim et al. 2005, 2007; Noll et al. 2009). For further discussion
of degeneracies, dependencies, and reliability estimates of various parameters in SED fits, see §3 of Janowiecki et al.
(2017a).
We briefly discuss one of the methods used to assess and measure the reliability and robustness of the fits. Figure 14
shows the results of our mock fitting tests (see Janowiecki et al. 2017a for more details). We use each synthetic SED
from our grid (with known parameters) as “mock observations” which we fit and derive best-fit parameters. The
best-fit parameters from the “mock fits” are compared with the true input parameter values to see how reliably certain
parameters are recovered. While there is significant scatter in the total stellar masses (0.12 dex rms), they are reliably
recovered in the mock fits.
B.2. Systematic Verifications
As described in Appendix A, our photometric dataset is heterogeneous. Some galaxies have flux measurements at
16+ wavelengths, while others only have a few data points. In order to verify that different combinations of obser-
vations do not bias our determinations of stellar mass across the KISS sample, we embark on a series of comparisons
and tests to explore possible systematic offsets. Toward that end, we devise a series of “classes” of SEDs, where each
class has a different combination of photometric data available. Each KISS galaxy is assigned to one class. The classes
(and number of galaxies in each) are given in Table 7.
Encouragingly, “Class 1” includes galaxies with flux measurements in all wavelength regimes, and comprises ∼40%
of the KISS sample. This first class represents the best-possible SEDs available for this comparison, and should pro-
duce the most well-constrained estimates of stellar mass (and was used to show sample results in previous figures).
Subsequent classes include objects with progressively fewer flux measurements, but their SED fits can still provide
robust stellar mass estimates. Within each class, we fit SEDs to the KISS objects using only the filters of that class.
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Figure 13. Reduced χ2 distribution for KISS objects in “Class 1”, with reliable flux measurements in all wavelength regimes. More than
90% are good fits with χ2 < 5.
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Figure 14. Results of mock analysis of stellar mass for objects in “Class 1” SED fits.
To compare results between classes, we use a set of “Bridge” samples. For example, “Bridge 1-2” is used to connect
the stellar masses from the first and second class fits. This bridge sample includes all of the objects from Class 1, but
fits only only the filters included in Class 2. That allows us to compare the fits of Class 1 objects (using the complete
set of filters) with fits to the same objects using the reduced number of filters in Class 2, to quantify any systematic
differences between the fits.
As an example, if removing 2MASS JHK photometry were to introduce a systematic difference in stellar
mass estimates, then the Class 2 objects (including JHK fluxes) will have different masses when they are fit in
Bridge 2-3, using Class 3 filters (not including JHK fluxes). In this example, the same 315 galaxies are fit with
UV+BV+ugriz+JHK+W123 data (Class 2 filters) and again without JHK (Bridge 2-3: Class 2 objects, using Class 3
filters). We then check for any differences in the best-fit results for stellar mass. Included in Figure 15 is the mass
comparison for Bridge 2-3.
While there is a scatter of ∼3%, removing the JHK fluxes introduces no significant systematic effects on the
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Table 7
Classes of SED fits
Class Ngal Filters
1 913 UV+BV+ugriz+JHK+W123+W4
2 315 UV+BV+ugriz+JHK+W123+W4
3 587 UV+BV+ugriz+JHK+W123+W4
4 35 UV+BV+ugriz+JHK+W123+W4
5 131 UV+BV+ugriz+JHK+W123+W4
6 116 UV+BV+ugriz+JHK+W123+W4
7 67 UV+BV+ugriz+JHK+W123+W4
0 43 unclassified (21 are blends)
Note. —
UV - UV fluxes from GALEX GR6/NSA,
BV - B and V fluxes from KISS database,
ugriz - ugriz fluxes from SDSS DR12/NSA
JHK - JHKs fluxes from 2MASS PSC/XSC
W123 - WISE w1,w2,w3 fluxes
W4 - WISE w4 flux
Figure 15. Comparison between stellar mass from Class 2 (x-axis) and Bridge 2-3 (y-axis). We show the least squares bisector fit (in
blue), which is nearly indistinguishable from the black unity line.
determination of stellar mass. Nonetheless, we use the bivariate least squares fit to generate a corrected mass to bring
Class 3 objects onto the same scale as Class 2 fits, as follows:
log M∗(Bridge 2− 3) = 0.993× log M∗(Class 2) + 0.083
We use this system of Bridges and Classes to sequentially link all of the stellar mass estimates together from each
set of flux combinations, and to remove any systematic offsets (relative to Class 1 determinations). Note that Class 4
does not follow the pattern of dropping one wavelength regime in each subsequent class. As such, it is not used in
the chain of bridges between classes. Instead, Class 4 is included to prevent the loss of these 35 galaxies which have
a significant number of flux measurements, but lack good SDSS ugriz fluxes. If not for their inclusion in Class 4,
these 35 galaxies would drop to Class 0, which means the SED fits use any available fluxes and no effort is made to
calibrate potential systematic offsets in stellar mass.
In all, we use the Bridges to link each Class of SED fits and homogenize all of our stellar masses. Given the
robustness of SED fits even with limited flux measurements, however, these mass corrections are small. Most of the
corrections applied are . 0.5%, and the largest are < 2%.
26 Hirschauer et al.
REFERENCES
Abazajian, K., Adelman-McCarthy, J. K., Agu¨eros, M. A., et al.
2004, AJ, 128, 502
Abazajian, K. N., Adelman-McCarthy, J. K., Agu¨eros, M. A.,
et al. 2009, ApJS, 182, 543
Alam, S., Albareti, F. D., Allende Prieto, C., et al. 2015, ApJS,
219, 12
Alloin, D., Collin-Souffrin, S., Joly, M., & Vigroux, L. 1979,
A&A, 78, 200
Andrews, B. H., & Martini, P. 2013, ApJ, 765, 140
Baldwin, J. A., Phillips, M. M., & Terlevich, R. 1981, PASP, 93, 5
Bell, E. F., & de Jong, R. S. 2001, ApJ, 550, 212
Berg, D. A., Skillman, E. D., Marble, A. R., et al. 2012, ApJ, 754,
98
Bertin, E., & Arnouts, S. 1996, A&AS, 117, 393
Blanton, M. R., Kazin, E., Muna, D., Weaver, B. A., &
Price-Whelan, A. 2011, AJ, 142, 31
Bothwell, M. S., Maiolino, R., Kennicutt, R., et al. 2013,
MNRAS, 433, 1425
Bresolin, F., Gieren, W., Kudritzki, R.-P., et al. 2009, ApJ, 700,
309
Brinchmann, J., Charlot, S., White, S. D. M., et al. 2004,
MNRAS, 351, 1151
Brinchmann, J., & Ellis, R. S. 2000, ApJ, 536, L77
Brown, J. S., Martini, P., & Andrews, B. H. 2016, MNRAS, 458,
1529
Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000
Calura, F., Pipino, A., Chiappini, C., Matteucci, F., & Maiolino,
R. 2009, A&A, 504, 373
Calzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ, 533, 682
Cannon, J. M., Giovanelli, R., Haynes, M. P., et al. 2011, ApJ,
739, L22
Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 345,
245
Curti, M., Cresci, G., Mannucci, F., et al. 2017, MNRAS, 465,
1384
Daddi, E., Dickinson, M., Morrison, G., et al. 2007, ApJ, 670, 156
Dale, D. A., Helou, G., Magdis, G. E., et al. 2014, ApJ, 784, 83
De Rossi, M. E., Theuns, T., Font, A. S., & McCarthy, I. G.
2015, MNRAS, 452, 486
Denicolo´, G., Terlevich, R., & Terlevich, E. 2002, MNRAS, 330,
69
Dopita, M. A., & Evans, I. N. 1986, ApJ, 307, 431
Dopita, M. A., Kewley, L. J., Heisler, C. A., & Sutherland, R. S.
2000, ApJ, 542, 224
Dopita, M. A., Sutherland, R. S., Nicholls, D. C., Kewley, L. J.,
& Vogt, F. P. A. 2013, ApJS, 208, 10
Edmunds, M. G., & Pagel, B. E. J. 1984, MNRAS, 211, 507
Elbaz, D., Dickinson, M., Hwang, H. S., et al. 2011, A&A, 533,
A119
Ellison, S. L., Patton, D. R., Simard, L., & McConnachie, A. W.
2008, AJ, 135, 1877
Ferland, G. J., & Truran, J. W. 1981, ApJ, 244, 1022
Garnett, D. R. 1992, AJ, 103, 1330
Gonza´lez Delgado, R. M., Cid Fernandes, R., Garc´ıa-Benito, R.,
et al. 2014, ApJ, 791, L16
Grønnow, A. E., Finlator, K., & Christensen, L. 2015, MNRAS,
451, 4005
Gronwall, C., Jangren, A., Salzer, J. J., Werk, J. K., & Ciardullo,
R. 2004a, AJ, 128, 644
Gronwall, C., Salzer, J. J., Sarajedini, V. L., et al. 2004b, AJ,
127, 1943
Guseva, N. G., Papaderos, P., Meyer, H. T., Izotov, Y. I., &
Fricke, K. J. 2009, A&A, 505, 63
Haurberg, N. C., Salzer, J. J., Cannon, J. M., & Marshall, M. V.
2015, ApJ, 800, 121
Hirschauer, A. S., Salzer, J. J., Bresolin, F., Saviane, I., &
Yegorova, I. 2015, AJ, 150, 71
Hirschauer, A. S., Salzer, J. J., Skillman, E. D., et al. 2016, ApJ,
822, 108
Hunt, L., Bianchi, S., & Maiolino, R. 2005, A&A, 434, 849
Hunter, D. A., & Hoffman, L. 1999, AJ, 117, 2789
Inoue, A. K. 2011, MNRAS, 415, 2920
Izotov, Y. I., Guseva, N. G., Fricke, K. J., & Henkel, C. 2015,
MNRAS, 451, 2251
Izotov, Y. I., Lipovetsky, V. A., Chaffee, F. H., et al. 1997, ApJ,
476, 698
Jangren, A., Salzer, J. J., Sarajedini, V. L., et al. 2005, AJ, 130,
2571
Janowiecki, S., Salzer, J. J., van Zee, L., Rosenberg, J. L., &
Skillman, E. 2017a, ApJ, 836, 128
Janowiecki, S., Catinella, B., Cortese, L., et al. 2017b, MNRAS,
Jester, S., Schneider, D. P., Richards, G. T., et al. 2005, AJ, 130,
873
Jimmy, Tran, K.-V., Saintonge, A., et al. 2015, ApJ, 812, 98
Johnson, M. D., Levitt, J. S., Henry, R. B. C., & Kwitter, K. B.
2006, in IAU Symposium, Vol. 234, Planetary Nebulae in our
Galaxy and Beyond, ed. M. J. Barlow & R. H. Me´ndez, 439–440
Karim, A., Schinnerer, E., Mart´ınez-Sansigre, A., et al. 2011,
ApJ, 730, 61
Kauffmann, G., Heckman, T. M., Tremonti, C., et al. 2003,
MNRAS, 346, 1055
Kellar, J. A., Salzer, J. J., Wegner, G., Gronwall, C., & Williams,
A. 2012, AJ, 143, 145
Kennicutt, Jr., R. C. 1998, ARA&A, 36, 189
Kewley, L. J., & Dopita, M. A. 2002, ApJS, 142, 35
Kewley, L. J., & Ellison, S. L. 2008, ApJ, 681, 1183
Kobulnicky, H. A., & Kewley, L. J. 2004, ApJ, 617, 240
Kobulnicky, H. A., & Zaritsky, D. 1999, ApJ, 511, 118
Kunth, D., & Sargent, W. L. W. 1983, ApJ, 273, 81
Lamareille, F., Mouhcine, M., Contini, T., Lewis, I., & Maddox,
S. 2004, MNRAS, 350, 396
Lara-Lo´pez, M. A., Cepa, J., Bongiovanni, A., et al. 2009, A&A,
505, 529
Lara-Lo´pez, M. A., Lo´pez-Sa´nchez, A´. R., & Hopkins, A. M.
2013a, ApJ, 764, 178
Lara-Lo´pez, M. A., Cepa, J., Bongiovanni, A., et al. 2010, A&A,
521, L53
Lara-Lo´pez, M. A., Hopkins, A. M., Lo´pez-Sa´nchez, A. R., et al.
2013b, MNRAS, 433, L35
Lee, H., Skillman, E. D., Cannon, J. M., et al. 2006, ApJ, 647, 970
Lee, J. C., Salzer, J. J., & Melbourne, J. 2004, ApJ, 616, 752
Leitherer, C., Li, I.-H., Calzetti, D., & Heckman, T. M. 2002,
ApJS, 140, 303
Lequeux, J., Peimbert, M., Rayo, J. F., Serrano, A., &
Torres-Peimbert, S. 1979, A&A, 80, 155
Maier, C., Lilly, S. J., Ziegler, B. L., et al. 2014, ApJ, 792, 3
Maier, C., Ziegler, B. L., Lilly, S. J., et al. 2015, A&A, 577, A14
Maiolino, R., Nagao, T., Grazian, A., et al. 2008, A&A, 488, 463
Mannucci, F., Cresci, G., Maiolino, R., Marconi, A., & Gnerucci,
A. 2010, MNRAS, 408, 2115
Mannucci, F., Salvaterra, R., & Campisi, M. A. 2011, MNRAS,
414, 1263
Marino, R. A., Rosales-Ortega, F. F., Sa´nchez, S. F., et al. 2013,
A&A, 559, A114
Martin, D. C., Fanson, J., Schiminovich, D., et al. 2005, ApJ,
619, L1
Mateo, M. L. 1998, ARA&A, 36, 435
McCall, M. L., Rybski, P. M., & Shields, G. A. 1985, ApJS, 57, 1
McGaugh, S. S. 1991, ApJ, 380, 140
Melbourne, J., Phillips, A., Salzer, J. J., Gronwall, C., &
Sarajedini, V. L. 2004, AJ, 127, 686
Melbourne, J., & Salzer, J. J. 2002, AJ, 123, 2302
Morrissey, P., Conrow, T., Barlow, T. A., et al. 2007, ApJS, 173,
682
Moustakas, J., Kennicutt, Jr., R. C., Tremonti, C. A., et al. 2010,
ApJS, 190, 233
Moustakas, J., Zaritsky, D., Brown, M., et al. 2011, ArXiv
e-prints, arXiv:1112.3300
Nagao, T., Maiolino, R., & Marconi, A. 2006, A&A, 459, 85
Nakajima, K., & Ouchi, M. 2014, MNRAS, 442, 900
Nicholls, D. C., Dopita, M. A., & Sutherland, R. S. 2012, ApJ,
752, 148
Nicholls, D. C., Dopita, M. A., Sutherland, R. S., Kewley, L. J.,
& Palay, E. 2013, ApJS, 207, 21
Noll, S., Burgarella, D., Giovannoli, E., et al. 2009, A&A, 507,
1793
Osterbrock, D. E., & Ferland, G. J. 2006, Astrophysics of gaseous
nebulae and active galactic nuclei
KISS Metallicity Relations 27
Pagel, B. E. J., Edmunds, M. G., Blackwell, D. E., Chun, M. S.,
& Smith, G. 1979, MNRAS, 189, 95
Peimbert, A. 2003, ApJ, 584, 735
Peimbert, M. 1967, ApJ, 150, 825
Peimbert, M., & Costero, R. 1969, Boletin de los Observatorios
Tonantzintla y Tacubaya, 5, 3
Peimbert, M., Peimbert, A., Esteban, C., et al. 2007, in Revista
Mexicana de Astronomia y Astrofisica Conference Series,
Vol. 29, Revista Mexicana de Astronomia y Astrofisica
Conference Series, ed. R. Guzma´n, 72–79
Pe´rez-Montero, E., & Contini, T. 2009, MNRAS, 398, 949
Pettini, M., & Pagel, B. E. J. 2004, MNRAS, 348, L59
Pilyugin, L. S. 2000, A&A, 362, 325
—. 2001, A&A, 369, 594
Pilyugin, L. S., & Thuan, T. X. 2005, ApJ, 631, 231
Richer, M. G., & McCall, M. L. 1995, ApJ, 445, 642
Rubin, V. C., Ford, Jr., W. K., & Whitmore, B. C. 1984, ApJ,
281, L21
Salim, S., Lee, J. C., Janowiecki, S., et al. 2016, ApJS, 227, 2
Salim, S., Lee, J. C., Ly, C., et al. 2014, ApJ, 797, 126
Salim, S., Rich, R. M., Charlot, S., et al. 2007, ApJS, 173, 267
Salim, S., Charlot, S., Rich, R. M., et al. 2005, ApJ, 619, L39
Salpeter, E. E. 1955, ApJ, 121, 161
Salzer, J. J., Jangren, A., Gronwall, C., et al. 2005a, AJ, 130, 2584
Salzer, J. J., Lee, J. C., Melbourne, J., et al. 2005b, ApJ, 624, 661
Salzer, J. J., Williams, A. L., & Gronwall, C. 2009, ApJ, 695, L67
Salzer, J. J., Gronwall, C., Lipovetsky, V. A., et al. 2000, AJ,
120, 80
—. 2001, AJ, 121, 66
Salzer, J. J., Gronwall, C., Sarajedini, V. L., et al. 2002, AJ, 123,
1292
Schechter, P. 1976, ApJ, 203, 297
Shi, W.-B., Liang, Y.-C., Shao, X., et al. 2014, Research in
Astronomy and Astrophysics, 14, 875
Skillman, E. D., Kennicutt, R. C., & Hodge, P. W. 1989, ApJ,
347, 875
Skillman, E. D., Televich, R. J., Kennicutt, Jr., R. C., Garnett,
D. R., & Terlevich, E. 1994, ApJ, 431, 172
Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, AJ, 131,
1163
Speagle, J. S., Steinhardt, C. L., Capak, P. L., & Silverman, J. D.
2014, ApJS, 214, 15
Stasin´ska, G. 1990, A&AS, 83, 501
Stott, J. P., Sobral, D., Bower, R., et al. 2013, MNRAS, 436, 1130
Strauss, M. A., Weinberg, D. H., Lupton, R. H., et al. 2002, AJ,
124, 1810
Tasca, L. A. M., Le Fe`vre, O., Lo´pez-Sanjuan, C., et al. 2014,
A&A, 565, A10
Tremonti, C. A., Heckman, T. M., Kauffmann, G., et al. 2004,
ApJ, 613, 898
van Zee, L., & Haynes, M. P. 2006, ApJ, 636, 214
van Zee, L., Salzer, J. J., Haynes, M. P., O’Donoghue, A. A., &
Balonek, T. J. 1998, AJ, 116, 2805
van Zee, L., Skillman, E. D., & Haynes, M. P. 2006, ApJ, 637, 269
Vilchez, J. M. 1995, AJ, 110, 1090
Walcher, J., Groves, B., Budava´ri, T., & Dale, D. 2011, Ap&SS,
331, 1
Wegner, G., Salzer, J. J., Jangren, A., Gronwall, C., &
Melbourne, J. 2003, AJ, 125, 2373
Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. 2010,
AJ, 140, 1868-1881
Wu, P.-F., Zahid, H. J., Hwang, H. S., & Geller, M. J. 2017,
arXiv:1702.03323
Wu, Y.-Z., Zhang, S.-N., Zhao, Y.-H., & Zhang, W. 2016,
MNRAS, 457, 2929
Wuyts, E., Kurk, J., Fo¨rster Schreiber, N. M., et al. 2014, ApJ,
789, L40
Wuyts, E., Wisnioski, E., Fossati, M., et al. 2016, ApJ, 827, 74
Yabe, K., Ohta, K., Iwamuro, F., et al. 2014, MNRAS, 437, 3647
Yates, R. M., Kauffmann, G., & Guo, Q. 2012, MNRAS, 422, 215
York, D. G., Adelman, J., Anderson, Jr., J. E., et al. 2000, AJ,
120, 1579
Zahid, H. J., Dima, G. I., Kudritzki, R.-P., et al. 2014, ApJ, 791,
130
Zahid, H. J., Geller, M. J., Kewley, L. J., et al. 2013, ApJ, 771,
L19
Zahid, H. J., Kewley, L. J., & Bresolin, F. 2011, ApJ, 730, 137
Zaritsky, D., Kennicutt, Jr., R. C., & Huchra, J. P. 1994, ApJ,
420, 87
Zhao, Y., Gao, Y., & Gu, Q. 2010, ApJ, 710, 663
